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ABSTRACT 


Extension of the analysis of the spectrum of Ni I.—Almost all the known lines 
(1071) of Ni I have been classified. There are included in the classification 66 lines 
from the solar spectrum which have not been found in the laboratory. The spectrum, 
in spite of its apparent complexity, is admirably regular. Every observed term fits 
without constraint into the scheme predicted by Hund’s theory. A few of the pre- 
dicted terms have not been found, but in all cases their combinations should either be 
faint or out of range. Term values, combinations, configurations and identified lines 
are tabulated. 

Ionization potential of the Ni atom.—The principal ionization potential of the 
neutral Ni atom is calculated to be 7.606 volts. It corresponds to a double eiectron 
change from the configuration d®s? to d?. 


ICKEL affords an excellent example of a spectrum in which the term 
separations are wide and the multiplets overlap. Numerous energy 
levels were identified by Walters' and these were assorted into terms by 
Bechert?* and Sommer*® who greatly extended the analysis, identifying 
almost all the important low terms, proving the existence of singlet, triplet 
and quintet systems, and classifying all the strongest lines. Many lines, 
including some fairly strong ones, were however unassigned. Subsequent 
work by Meggers and Walters‘ and Menzies® added new terms from lines in 
the remote ultra-violet. 
The present communication records the extension of the analysis to in- 
clude almost all the lines and increases the number of those classified from 
622 to 1071. 


1. OBSERVATIONS 


The principal source for wave-lengths has been the extensive and accurate 
work of Hamm,® extended towards the red by that of Meggers and Kiess.’ 


1 Walters, J. Washington Acad. Sci. 15, 88 (1925). 

2 Bechert and Sommer, Ann. d. Physik 77, 351 (1925). 

3 Bechert, Ann. d. Physik 77, 538 (1925). 

* Meggers and Walters, Sci. Papers Bureau of Standards 22, 205 (No. 551), (1927). 
5 Menzies, Phil. Mag. 6, 1210 (1928). 

* Hamm, Zeits. f. Wiss. Photographie 13, 105 (1913). 

7 Meggers and Kiess, Sci. Papers Bureau of Standards 14, 649 (No. 324), (1918). 
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Many fainter lines have been taken from Exner and Haschek,* or from Hassel- 
berg.* The measures by Randall and Barker® give data in the infra-red. 

New measures have been made in the ultra-violet, upon three plates 
taken by Professor Shenstone with the large Hilger quartz spectrograph of 
the Palmer Physical Laboratory, and containing exposures on the arc and 
spark spectra. These were measured by Miss Charlotte E. Moore, using lines 
of Cu I, CulIlI,and Ni II as standards. They show 129 lines between A2244 
and A1963, which appear to belong to Ni I-—twice as many as had previously 
been recorded. Comparison of the observed frequency differences with the 
known term-intervals indicates that the probable error of these measures is 
+ 0.18 cm='!, which corresponds to + 0.008A at the mean wave-length. 

Finally,a number of lines in the solar spectrum which are in the predicted 
positions of the fainter members of certain multiplets, which have not yet 
been observed in the laboratory, and show the anticipated intensities, are 
included. As nickel is very prominent in the solar spectrum, the appearance 
there of many of these “predicted” lines is to be anticipated.'® Only those 
which showed a close agreement with the anticipated intensity, as well as 
wave-length, have been included, and all blends omitted. In spite of this 
decidedly conservative policy, 66 lines have been added. 

King’s observations" of intensity and temperature class have been of 
great value in the analysis, as have also been those of Meggers and Walters‘ 
upon the under-water spark in the ultra-violet. 

No modern observations of the Zeeman effect exist for this spectrum. 
This has been a considerable handicap in the analysis, and the fact that, 
without this knowledge, it has been possible to classify almost all the energy- 
levels is to be credited mainly to the aid given by the theory of Hund, which 
in this case, as in all others, proves to be completely successful. 


2. OBSERVED TERMS 


Table I gives a list of all the energy levels so far recognized in Ni I. Its 
arrangement follows the notation recently suggested as a result of corres- 
pondence among many spectroscopists.” The second column gives the de- 
signation of each level, and the first the initials of the investigators who 
detected it. When these initials are in parentheses the level has been newly 
classified in the present work, and when no initital appears, the level is new. 
A “2?” following the term designation indicates that the assignment is tenta- 
tive. 

The third column gives the energy levels. The final column headed 
“connection” is designed to aid in picking out the components of the multiple 
terms which are much intermingled. Its arrangement is obvious. 


8 See Kayser’s Handbuch der Spectroscopie 6, 177 (1912). 

* Randall and Barker Astrophys. J. 49, 55 (1919). 

1° Compare The Presence of Predicted Iron Lines in the Solar Spectrum, Mt. Wilson Con- 
tribution No. 365, Astrophys. J. 68, 151 (1928). 

1 King, Mt. Wilson Contribution No. 108; Astrophys. J. 42, 344 (1915); Mt. Wilson Con- 
tribution No. 181; Astrophys. J. 51, 182 (1920). 

12 Report on Notation for Atomic Spectra, Russell, Shenstone and Turner, Phys. Rev. 33, 
900 (1929). 
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The number of energy levels is 186, of which all but six have been allo- 
cated as components of 81 spectroscopic terms, of which 48 are even and 33 
odd. The weaker components of some of the higher terms remain to be found. 
The unassigned levels are denoted by Arabic numbers. The energy values 
are measured, as usual, upward from the lowest level. The low (stable or 
metastable) terms, which in this case are even, are lettered a, 6, --- the 
middle odd being z, y, x --- and the high even terms e, f, g, --- 

Table II shows what combinations have been observed among these terms. 
Below: the designation of each term is written its leading energy-level (for 
reference to Table I) and on the right are listed all the terms which combine 
with it. Below each of these is the number assigned to the corresponding 
multiplet in Table V. The ° mark for the odd terms is omitted here—though 
not in the first column,—since no confusion can arise, as the even terms 
are lettered a to i and the odd ¢ to u. 

3. The low terms, with one exception, were found by Bechert and Sommer 
and assigned to electron configurations by Hund.“ They comprise 'S from 
d'°, 3—D, 'D from d°s, and *F, *P, 1D, 'G from d*s?. The 'G term is new. Its 
reality is confirmed by three good lines, one of which is in the infra-red. 
There should also be a 1S term from this configuration, which has not been 
detected. It might be expected to lie at about the level of the 'G, and almost 
all its combinations would be in the infra-red. 

4. The middle terms are of more interest. The lower-lying among them 
were arranged by Hund into triads, 'P°D°F°, *P°D°F° arising from d*p and 
5D° F°G°, ®D°F°G°, !D°F°G® from d*sp, with the limits ‘F, ?F. An additional 
3F° term (Bechert and Sommer’s f') appeared also to be present, though no 
place could be found for it in Hund’s theoretical scheme, while only the first 
two components of the 'F° term were given by these authors. In the course 
of the present work, a neighboring unclassified level with 7=1 was found 
and it appeared subsequently that the level previously called °F? was ficti- 
tious, the lines which were assigned to it belonging elsewhere. At this 
point it became obvious that the five remaining levels were really the com- 
ponents of the °F° term predicted by theory, which was normal in all respects 
except for a moderate departure from the interval-rule, and gave excellent 
multiplets. 

The one serious apparent exception to Hund’s theory which has been found 
in the whole range of spectra which have so far been analyzed thus disap- 
pears—reminding one of the old tale of the Eastern freight-agent, who 
reading on his way-bills “one burro” and supposing the words to be misspelled, 
wrote at the end of his day’s work “one bureau missing; one jackass over.” 

There are numerous higher odd levels, which combine with the lowest 
terms to give strong lines in the far ultra-violet. Among these we 
should expect by analogy with other spectra“ a triad *D°F°G® with limit 
‘F, and combining very strongly with the low a*F. The absorption data of 
Meggers and Kiess identify these terms securely. Mixed with these multiplets 


1 Hund, Linienspektren, Berlin 1927, p. 165. 
4H, N. Russell, Astrophys. J. 66, 184 (1927) (especially p. 201). 
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are fainter ones which appear to belong to *P°D°F° and 'P°D°F® triads 
with the limit a?D in Ni Il—the next lowest to those already exhausted. 
For these terms the components of smallest 7 have not been detected and 
the identification of some of the others is uncertain. 

The next highest limit term is 4P, which should give *S°P°D® and °S°P°D*®. 
The *D° term may be safely identified with v'D°, which gives a characteristic 
multiplet with a*P; and x*P° has also been put here, mainly because of the 
other evidence,. discussed below, that in this spectrum the members of a 
triad or pentad of terms occur at nearly the same level. The quintet ‘terms 
have not been worked out, but there are two unassigned levels (1; and 2s) 
which lie in about the position where these might be expected. and find no 
other theoretical place. Their combinations with the low triplet terms are 
faint as should be the case for inter-combinations, and there are several 
unclassified absorption lines near by. 

Above the terms already mentioned lies a tangle of levels, revealed by 
lines in the far ultra-violet. Some of these combine also with e*D to give 
lines observed by Randall in the infra-red. As the latter certainly comes from 
d®-5s, the former terms must be attributed to d®-5p. The remainder of the 
3PDF, ‘PDF triads of this configuration were then easy to find. They will 
be discussed further in section 5. The term v* F° combines more strongly with 
a’ F (d*s*) than with a*D (ds), and this at first cast doubt on its assignment, 
but the combination with e*F settles the question. Few odd levels remain. 
The three highest appear to form the term u*F° which can be assigned only 
to the triad *FGH having the limit a*G in Ni II. Of the six unclassified odd 
levels 1° and 2° are discussed above, while 6° and 5° may perhaps be part of 
a *D term with the limit a?P (the only remaining metastable configuration in 
Ni II). 

5. The high even terms include e*D, e!D and f*F, e'F, which were dis- 
covered by Bechert and Sommer, and undoubtedly arise from d*-5s and 
d*s-5s. The configurations d*-4d and d*s-4d should give pentads SPDFG 
(triplets and singlets), PD FGH (quintets and triplets). The former should 
give multiplets of hazy lines in the green, and the latter lines in the near 
ultra-violet. All the components of the former. pentad have been found and 
all but a few of the latter. 

Search for later series members revealed the terms g'D, g*D(d°- 6s), which 
fixed the series limit accurately. A large part of the pentads d°®- 5d was then 
found, and also terms arising from the addition of a 5s or 4d electron to the 
2F term of Ni II and a 6s or 5d electron to‘F. Only the leading components 
of.the latter terms have been found, and they are identified largely by means 
of series relations. 

Table III shows the terms which have been assigned to each configura- 
tion, with the leading energy level and the separations between the remaining 
components, in order of decreasing /. 


6. SERIES RELATIONS 


The identification of the third members of the d*s- ms series permits an 
accurate determination of the limits. Ritz formulae give the values 61573 
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for *D3, 61583 for *Dz, 63080 for *D,; and 63093 for 'De, (all above the lowest 
level *F; in Nil). The first two evidently converge toward the lower com- 
ponent a*Dz, of the ground-term of Ni II and the others to a?D,,, which lies 
1507 cm higher. Allowing for this the four series give a range of only 
13 cm~ in the value of *F;—*D2,, which indicates that the mean value 61579 
can be adopted with confidence. The corresponding ionization potential for 
the neutral atom is 7.606 volts. This is the principal I.P. but corresponds to a 
double electron change, from d*s? to d*.% The correlation of the term com- 
ponents and their limits is of the “inverted” type pointed out by Shenstone 
and accepted by Hund in his latest paper’ on the subject. 

All the terms arising from the a*D limit of Ni II show the same inverted 
convergence. The separation of the two limits is usually large compared with 
that arising from the added electron, and the levels belonging to a given elec- 
tron configuration fall sharply into two groups, one containing the two lead- 
ing components of the triplet terms, and the other the triplet with smallest 
jand the singlets. The latter have the higher limit, with the smaller 7 value. 

The same behavior is shown by the terms with limit a?F in Ni II; but it is 
remarkable that those with a‘F as limit behave differently. In the d*s-4p 
configuration, the triplets and quintets are widely separated and in d*s-5s 
they barely overlap—but in the pentads arising from d*s-4d the terms with 
largest j, both of the triplets and quintets, form a compact group, followed 
at a considerable interval by those with the next largest 7, and so on. This 
indicates convergence of the “normal” type first suggested by Hund, in which 
the components of greatest j for both multiplicities go to the limit component 
of greatest j. 

It might be doubted whether the levels here called *H¢,.°G;, etc., should 
not rather be °//¢, 5G; - - - as would be demanded by inverted convergence. 
But the intensities of the individual lines appear to settle the question. The 
levels in question combine more strongly with triplets than with quintets. 

It is a matter of general experience that the intensity rules in multiplets 
maintain their validity, at least qualitatively, long after the interval rule, and 
Lande’s g-values have broken down. In the “super-multiplets” of Ni I arising 
from transitions such as d*sp—d's-d the relative intensities throughout the 
group are qualitatively in very good accordance with theory, except that the 
components of smaller j give fainter lines than might be expected. This 
accounts for the failure to locate some components of the terms. 

The convergence suggested by these terms is consistent with the latest 
form of Hund’s theory, according to which the levels of any given inner 
quantum number are divided among the various limiting components of the 
spark term simply in order of their own position—those which happen to be 
lowest going in appropriate number to the lowest limit, and so on. 

On this principle the terms involving an s electron should show inverted 
convergence; those from a d electron, normal convergence; and those derived 
from a ~ electron the following curious arrangement; 


8 Russell, Astrophys. J. 66, 251 (1927). 


46 Shenstone, Nature 122, 727 (1928). 
17 Hund, Zeits. f. Physik 52, 601 (1928). 
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Limit ‘F 4} 34 24 1} 
‘G 654 3 2 
SF 5 43 2 1 
DD) 43 2 1 0 
5G 5 4 3 
3F 4 3 2 
3D) 3 21 


The terms w*D°, w' F°, yG°, which arise from the addition of a 4p electron to 
this limit, are however grouped with their components of highest j close 
together, followed at an interval by those of next highest j, and so on,—which 
suggests that each of the groups of components has one of the components of 
the ‘F term as limit. 

It would be of great interest to know what actually happens; but, un- 
fortunately, only the leading components of a few of the terms involving a 
6s or 5d electron can be identified. The 5p configuration should combine 
with the low terms to give multiplets near 41800, where nothing is known 
about the arc spectrum, and its combinations with d’s- 5s are in the infra-red. 

The full evidence for the series assignments of the present paper may be 
found in Table IV, which gives the quantum defects for all the components of 
the terms arising from the limit a?D, and for the components of highest of 
the terms assigned to other limits. The relative levels of the lines in Ni II are 
taken from Shenstone.'* It has been assumed that the convergence is every- 
where inverted, except that for the configuration d*s(*F)d it is supposed 
normal. 

The principal evidence for the existence of a number of the high even 
terms, which are located by only one or two lines, is the agreement of the 
quantum defects with those anticipated from series relations. The value 
given for the quintets under a‘P represents roughly the levels near 40300 
which have been attributed to this configuration. 


7. List oF LinEs oF N1 I 

Table V includes all the lines which have been classified as belonging to 
Ni I, and also all but the weakest of the unclassified lines. Among the latter, 
all those given by Randall and Barker in the infra-red are included, all those 
found in absorption by Meggers and Kiess in the under-water spark, and all 
which have recently been measured here in the ultra-violet. All lines observed 
by Hamm, or by Meggers and Kiess, have been included, except those to 
which they assign the minimum intensity 1. A total of 196 unclassified lines 
of intensity 1 have been omitted of which 81 were listed by Hamm, 22 by 
Meggers and Kiess, 90 by Exner and Haschek and 3 by Stiiting. 

The first column gives the source of the data (as explained at the foot of 
the Table), the second the wave-length—in air up toX2000 and in vacuum 
beyond, the third the intensity, and the fourth the temperature class. 

King’s estimates of intensity have been adopted for all lines for which he 
gives a temperature class except those to the red of \6500, where his values 


. Shenstone, Phys. Rev. 30, 255 (1927). 
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are relatively low. For the ultra-violet lines observed in absorption by 
Meggers and Walters, their absorption intensity is listed in column 3, and A 
is inserted under “Class.” This is undoubtedly equivalent to King’s Class I 
or II. The intensities of the remaining lines are taken from the sources 
mentioned in column 1, and are given in parentheses in the Table. They are 
on a much more compressed scale, 1 to 10 as against 1 to 100 or more. 

The fifth column gives the wave-numbers and the sixth the designation of 
the classified lines. In a number of cases, where there is good reason to be- 
lieve that a weaker line is masked by a stronger, the designation of the former 
is added in parentheses. 

The last column gives a multiplet number, for cross-reference to Table II. 

Practically all the lines of any importance have been classified, except in 
the infra-red. Here there are two unidentified groups, with values of \ about 
5500 and 7200. The former is in just the place for lines arising from the 
transition d°-4d—d*-4f, and the latter for d*s-5s—d*’s-5p. In both cases 
there should be a complex group of overlapping multiplets which cannot be 
worked out without further data. 


8. CONCLUSION 


The arc spectrum of nickel, in spite of its apparent complexity, is ad- 
mirably regular. Every observed term fits without constraint into the 
scheme predicted by Hund’s theory. A few of the predicted terms have not 
been found, but in all cases their combinations should either be faint or out 
of range. 

It is hoped that the present analysis is about as complete as the existing 
data permit, but there is a great deal of profitable work still to be done on 
this spectrum. First may be mentioned the observation of the spectrum in 
the infra-red (where only the strongest lines have so far been detected), and 
in the ultra-violet beyond 42000. Observations with an arc in nitrogen and 
vacuum spectrograph, following Fowler’s very successful work on Si I,” 
would certainly be repaying. 

A search for later members of the known series would be well worth 
while, if a source could be found which’ intensified the last members already 
known. Many interesting questions of correlation to multiple limits might 
thus be settled. 

The Zeeman effect in this spectrum has never been adequately investi- 
gated, and offers an extensive field for work. It may be anticipated that 
many g-values will be abnormal, especially for the higher terms, but this 
should be important in studying the changes of coupling of the vectors which 
are involved. Finally the intensities of the lines afford an extensive and 
fruitful field for precise measurement. 

In conclusion it is a pleasure to express the writer’s indebtedness to 
Professor A. G. Shenstone for valuable comments, and for the photographs 
of the ultra-violet spectrum, and especially to Miss Charlotte E. Moore, for 
her extensive and accurate work in the measurement of these plates and in 
the preparation of the tabular data and of the manuscript, and the correction 
of the proofs. 

19 Fowler, Proc. Roy. Soc. A 123, 422 (1929). 

















-+ tl 1g2Zsr fo Deh (Sd) + 19° Z2260€ 0 De rat 
a 62° 22ISb ol em (MW) + 28° Z160€ of Ue2 Sd 
+-- 10° $9Sbb oA em Sd - + Or’ 6190€ oA Sd 
s+ 0° SLbbt dem (Sd) ie 96° 16€0€ old 32 

so Ol 9€€bb r ae O£ ° 2610€ ode Sd 
~+- 68 bebe JP Dek (Sa) i 2 Ol £9T0E od 9% (Sa) 
sons 7S 797bF ‘qa Sd +--: Lh’ 88862 Ue? Sd 
2b 90Zbb cdi (Sd) : + a LL  Z€862 of 9 (Sa) 
+ €l ZUlbP ‘de? Sd ++: 68° 89962 ode Sd 
. LE EE6Eb dX (Sa) ++. 62° 00562 olde? Sd 
one -+ 16 tS9Eb éfd eX (Sd) +-:- 96° O8¢6Z od 2 Sd 
ale. . 06° €9bEr dit ++: $L°O0Z€62 cd 2 Sd 
+-. . L9° 8S2Eb oA em Sd -+ Lb b8062 od 9% (Sd) 
as + - . 25° 6808b Deh (Sa) a 2 82° £1062 De? d 
3 - fe LI tS62b dex (Sa) a OF 82582 of De? d 
om . -+- 66 '.68L7F 76 Sd +-- OF 69582 ode Sd 
a + «+: 22° L9LZb fdem (Sa) +: t6'ItS8Z Jd 3% d 
~ +--+: L2'9S92b odek& -+ Ol €1282 ods a 
eee $9° €592b ode (Sd) +: 81° 89082 of D8 d 
2 +: 66° 0292b dex (Sa) -+ 8S £b6LZ ol 32 d 
~ +- $8° S097F ®¢a Sd +: 8b’ O8SLZ Jf De2 d 
S t0°S8S2b JAX (Sa) + 26 bItlZ ods? d 
> Ol ¢8b0r &@ (Sd) >: 96° 09222 oDs% d 
a OI 19€0b ot (Sd) + 6° $9992 os a 
me 82° 0099 ea Sd LS°€SL62 od fl 

= 60° 6£9SE od ih Sd LZ 7ZO1ZZ D0 
tx} + bS° 80bbEe deh Sd + Of LIO9T qed Sd 
eal + t2°€9Ibe deh Sd + £0 PELST ‘ded Sd 
-+ 88° O19EE oA ek Sd + 18° 609ST eqD Sd 
- ZI 06S€£ oDi2 d 76 SZLPT °C 7D Sd 
+- 08° OOSEE deh Sd 67° IZSET ‘719 Sd 
a 0£° ZI1€€ fd ek Sd S6° 60FE tq Sd 
. O£  Z86Z€ edi? Sd + $$°917Z of ¢D Sd 
+ ££° €2L6ZE Ak Sd +: IT €tLt 6 Sd 
aa £1 98ZLI€ of De d -+ SI Zee *f gD Sd 
. b9' Itele odi2 Sd +: 78° 6L8 6 Sd 
. 20° 1eole of 12 Sd + - 78° $0Z *qed Sd 
02° 6L60€ o De d + 00°0 JD Sd 
uolj}I9UU0-) [PAa’'T uoljeusisaq 99INOG uol}I9UU0-) [PAIT uoljeUuzIsag 99INOS 











828 


‘T 1N fo smsal “| AWAVE 





829 


ARC SPECTRUM OF NICKEL 


ee ae ee ea 


—s 


‘ 




















+-- £6° LS89S "9? 1 68905 fam (W) 
+: -: cb 1789S ®d9? + €$° LL90$ 1,9 (Sa) 

+--: OS * 1089S 93 oe . tL 9ES0S ‘di 
+: -: OF 9929S Yo ot +: 80° 9960S "def d 

+: 08° O1L9S ®Tef . 6° LSb0S odiX* 
+ 09° #Z99S Fe ss OF 9FEOS * 99 a 

+ PE PLZ9S et +. S¢°9LZ0S ode? 

; $0 €9Z9S ey soe 8° Z2b10s cde 

61° €819S OS + - 8£° SETS odem 

+ $9°ZLI9S Pf i a 8° 8£005 JA 
~+ SL°EL8Ss oo ae 1S LLL6F hd I 
soe 9L°9LSSS wats ; -+: Of £0b6b de® 

oe 61 ZLLPS elf 5 8S ZEL6F "fe? 

+ -: ZZ 19LPS "A elf +: 06° L7£6F taf d 
+: €b ZELES e*deY a b LZE6r den (W) 
+:--: 8° 669FS ®Te4 +--+: 1S €1S6h 8499 (Sd) 

aa $8" 99S ef +-: Sf" IL76P ‘af d 
+ 89° 6S9FS IDef +++: 8 'b8lor den 
$9 PLSPS Sef -+- 09° PL16F 9 (Sa) 
+ $2 ISZPS 8d +:--: 86° OLI6F de 
+ OL LEZPS Yo +:: £0° 6S16F *de? 
68° ESLEes tq +: 6b SS16F 39 (Sa) 
a 8L°€OLES ‘ded . $6 S806F "if 9? d 
+ $9° 1LZZS 6 fd 9° Z2£06¢ o9 
+ Ih L61ZS *qed (Sa) OF £S68F S99 

9b OFOTS Sof d ; 9° LI88b stg 

OZ LSPIS 0958 +: - 8I° SEL8b dem 

O° EPEls oA et (W) +: 2° SIL8tb oA et 

Z0' 90E1S tof d +: 6° I L98b od of 

8’ Pz11¢ oA et (W) 7S 99b8h eh d 

+ O° 1S80S de” (WW) + 0$° L89Lb eodex 
Of PE8OS oJ 99 (Sa) + £6 b2blr o' e4 

$0° ZE80S 4a Sd 9° 8ZeLr ov 

§° 6820S JAet (W) +: £1 ° 802Lb o'de* 

Il’ PSZ0S taf ++ $2°OfI Lb ode4 (MW) 
ss + LS° #PLOS 19? d -+ 86° 620Lb det (MW) 
-+- . 06° 9TL0S ‘def + LL’ 2259¢ ode* (MW) 
ee SZ 90L0S +3 + 18° 8ItSb dem Sd 

uoljI9UU0-) [PA9'] uol}eUsIsag 99INOSG uOl}zD9UUO-) [9Aa'T uolzeUuzisaq 991INOG 








(panuyuoy) | ATAVE 








"(8Z6T) OTZT ‘9 “Be “114d ‘saIzuay WW 
“((¥£Z61) TSS “ON) 
12Z ‘ZZ spsepuris jo neaing sisdeg ‘19g ‘siaqjeMy pure siasZ9¥~q MW 
“(SZ6T) Les “£4 4ISAyq “Pp ‘uuy ‘yeysag = gf 
‘(SZ61) TS¢ ‘24 4ISAYd “Pp ‘UUY ‘JaUTUIOg pue yayoeg §=Sg 


‘lI 7928] ut S99INOS 











J 
Ps 6h ST8z9 PLE | a gS°Sz7Sgs 9? 
A 19° L0879 "Def a, es £6°O07S8S *H9? , 
Dd SP 78179 Hof cn ZI Stsss He? 
Re €7° LS619 Hes a 79° SPSS def 
nH 87° €F819 2Dey i FI 896LS ®t 
Pe Zh ZE819 "Aol ee 8E°6Z8LS $5)99 
ne OF 7986S 9 9 tes sees SE" OI8LS "A of 
S oo €0°9ZZ6S “dof i ¥S° 68LLS "D3 
= - + S9° 8816S 14a ee oe SZ LOLLS ‘def 
bh -+- $8 LII6S * ed a S6° TOLLS 97799 
Re st €L° 6£06S * Ho? a €9° €PLLS *99 
= ++: Z¥’ 2668S of a OS" LLOLS 97769 ° 
= -+- ZL°ZL88S ea a €9° 98SLS ° 99 

toes + $6° 6Z98S Pt ee ee we es 16° £OTLS * et 

-+- . OS *6Z98S #299 Se 89° €169S 9 of 

+-- . 91° 88S8s *Aof a 07° #S69S 99a 

tone +- SE OFSss od 5 67° S889 “F799 

uor}20uu0-) [PAI] uol}eUusIsag 90INOG uol}.9uU07) [PAI] uol}zeUusIsaq 99INOS 











(panuyuod) | aTaVL 


S 
* 
3 





ape se - a cg nln i ci ll i — a 
a rte ee 

















831 


$97 S8Z 097 O8€ zig PSE 16Z 00Z $6 zs¢ 8LZ rAaa' O19ST 
D2 Ast ds Ded D2 am aX av aa d* dX dit dP 


Sov 76£ LLe fle L7e £LZ £6£ 


ose 99 L9¢ Zee 6L2 SOE LBE a& De dk dv a? 
dt dem de* ack de dem dX 
901 191 86  6S¢ 


wOE $97 6ee 80h BLE OFF 10¢ Ase Ach A® de 
de® ds DF Ae Aye ak Ai 
Lee Log 18ST ZO ose Zee 08 





3 ZO0¥ PLE 1s¢ 8o0e TOP TLE Sze 0 de4 de ack ds d™ de® di 
SS di" dX ak di di* dw di Ae? 
= FIZ 11 $7E O£Z eet STE cor Tzser 
z PLZ 867 8SZ Ak 42 dX dé qe dé di a4 
ty, Ds? A ds? 
o $SZ 
> BE 97 LOF 66¢ T8¢ 6LEe 9ce By 
> Def ye dt Am AX Ah 
a 4 997 77 cle 667 86£ 88f Ole 
& L6Z L6E —s_« OBE OLE Tle Tre 062 Ag de De GY meee doh fm 
Ps dX Ge dt de dX dt ads 
a £9¢ 9T¢ 7972 06£ T9¢ 79¢ 6I¢ 
“% 00F cs¢ 69¢ 697 cre 90F ese Ak Ack Ad den am de ak 
Ss) de® dX deh di D2 drm gx 
~ £97 T6¢ 78 09¢ £SZ 89¢ see 
9s¢ 1vAx $OP es¢ Lt¢ OV Tee S0Z 2 dem dx dc& di A av 
A hd dy aw di di* di* d:? 
182 96£ coe PPE L8Z vot ete O1bE 
£¢ 89 £or 887 0zT Ss bee dA qm aX at dai dv dt dy 
De d 32 De? A eX Ack d 2 de4 
7el 19 ere cee OLZ Te 98 "quod ZLI col Sl 6£t 6ZLP1 
ack ds dem d* dé d:? di? d:? ack ds d?* di* SY 
SUIJ9} UIAI MOT SUJJ9} UIAI MOT 
suorzeUuIquio?) wa], suoljzeuIquio-) way 











"Twn fo wnajoads ay] ut suoypuiquoy ‘|| ATAV] 











HENRY NORRIS RUSSELL 


N 
* 
io @) 























9LT £6 os Stl 82 6271 Lol = 1Lz6F 9SZ SZ £9298 
d¢2 Ted At A 2 dv di di2 def di aie dy 
LS 91 sez ZI iz sgt 
D2 Dh Dee Aer Ak Gem 
S@ $8 i t 8 9¢ b z 67 ZIZsiOSLSCZHZSC(ié«RHCOC«HZ LLSSS 
d 3% ds D2 Cr Ak d 2 de! a d& )\2 dA diz aw di Ad 
9 £7 ¢ th 1Z 81 6 9097 91¢ St 9b S8t 601 
G& dz de® dz Ye az diz da? Dee Dee Ack de® eh 
60g =F oz oLIZ——“‘iaLdCrSC ttCéiB SLI = 69 Z91 ZE8OS 
dt Am 2 di a Art 42 ae ai A? 
re t£Z 2s z9 Tez sTLZ~—SsCEST ITL9S 
972 4 6IZ~—s«LOT PSLES 
AX d& Gm dx dk dz ae def dz de® dt aw 
OST 68 LLI SII 
Az dh fee | Ak 
6L Ohl 691 Off 22 97I = FOL:Ss«éSS TO | 
$81 «6 80L)«=—s SZE. (ai HOZ—C‘éSQV 091 gz PSLOS 
a& dt d2® ad4® dk qe ds d¢? de ek dz dt det at  <dit ad 
IS. 90% SLPS ’ 
TZ 97 ST 
de? di* Sef Ag 2 Ahk 
9L est Ltt 66 €S68F 
1S Sh Z se oc LI £97 bh 
ack a di dv S? A 2 2 d:2 4m 42 di di d1? 
| 
$2Z ZSZ €BlOS 199! TOL 89T LST 09 St £71 9¢S0S 
D2 diz OS | Ah ac a2 ds? a dai di? di? 
SIZ Ll tL woz  iI8 OLT 9020S | bIL «=«6Olz~—sSHT LSPIS 
Ds? D3 Ack d:2 Ak 42 Dy ak de? di? SY? 
SUIJ9} UIA YBIPY SUIJ9} UIAI YSIPY 
SuUOI}eUIqUIO’?) way suoI}eUIqUIO7) wa] 








(panuyuoy) {| ATAV 








7S ES AST Se See Ge Re ee Se 


CGR tn - ~ 

















833 
| 


ore LS619 tI 17 ol Z61 











D2 é Hef DX eZ fe Ak 
90€ 68% 6¢€ 6SZ ss EBZ $799 thZ 237 78st Yo e6t ttl SZI 87Z LEZES 
Ds As Dek D2 Ak He Az dx ack Diz Ak aw ait Ad 
Sze —s« SOF €FS19 802 161 
DF Ack De Ds A 
oof £82 “zs Stl SII rol €Il 861 
2 A di Ok 2 Ak At ack ds 
) 
fx) LF 19Z S¢ L9 8EZ «667 12 ZO89S €7Z ~—s OWT LL 981 ¢L 6LI AS 9960S 
i ra) Deg AX deh At ack ed dv 2 Ak A aw az diz Ach 
~ 
2, 9FZ sz 099%S £07 SST 602 7zI +6 orl 
& A 32 A Def eZ As? ds? De2 Ak A 2 
= OOF I9t te Ott £3 rol Lb ltl 62 Igt OST £e6r 
S DF de de Dee uk de OF «At ak at di A? 
~ OO ILI 76 991 06 Lel LSI SS16P S 
o¢ sie 
S Ahk dA ast ds 0,2 Ae ait 1), Ted dt 
” ZOE: £6Z ZE819 6S oF 6fZ = OL ZL 67Z = LZ FOILS 
~ dh eh def em ek deh eM det 
= 
zw8Zsiz@Ets«éiSS 8hZ OOLFS 
A 92 d32 OX | 2 de4 
Le 99 98% Lb $9 €£Z ZLZ 99195 | €1Z S%7Z ss BIZ Lt ~—s- 661 961 L61ZS 
Ae dX Ak Gem de* ae ds? dh | 32 42 ds ds? di? di? a3 
| 
LSt —s- OSZ 19LtS =| SOT 9ST LOZ = «(996 rLI SL Z¥1 "yuoz 
Af ds Ac od As 32 Ak As de ds def 
SUJ9} UDAD YSITY SUJ9} UBAD YSITPY 
suol}zeUuIquio?) way SUOI}EUIqUIO-) way 








(panuyuoy) I] 31TAV 





























ble 162 143 so¢ €L6EF Ls¢ 78179 
As? = dg da dw odi* D2 Hef 
£9 TAI tle =6- OE:—“‘<éiéCOS L972 S889 
ds? Ast D2 Ae D4 eZ Hy? 
¢l 67 Ise = 87 ese €8T LZ sss 6 6PE = 8089 
Af de® fev df de def dx? D8 Af Df 
002 StI 69 $9 0£Z tre 09 1099¢ org 
ded dt dv asf dq dw di? odi& D3 
S 6ST LST 87Z 6LI TT 80¢ 661 967 Legs BS 897 ¢¢ 6F2Z $62 ¥S69S 
- A 9 Dea Ad Af A® Ap de4 Ae ds Dek SF der aA AS D9? 
a 6z1 ST LIg€ =: 9ZT $6 ShZ OFZ ose $1879 
_— af de dd? de dO db a dt dds 
n Z91 61Z Oot of eel L87Z rST ZHPlE Ore eee =: SFE 7986S 
s dv av as dy qq adyw di oi2 Ds At ds Ast 
S lor =s-« €0F zs¢ P6E SSPOS Il¢ 98Z 67£ ¢¢ OF L¥Z 7672 PL69S 
“ AD = ds? dw od * D2 A ds DX Wem Ad Ast Af 
= ZLE = BLZ sI¢ FOPEF 88 SST 0ZZ Sel L8 ort 16 : 
= ded ds? av od i& De? As ds? D2 Ack de =k 
Lz ZST oft Sze «96 LOI £91 68T 88 rel £9 6ST Lz LOb8F 
49? Asf de® ~=— de4 Ach 2 ds? Diz dz ae az di3 A? 
6 ees BOT ZI 902 66 L6I 0872 ez 6hSSs«OSLZ! zt z8 gSs9os 
da de? de dx Sf Sx av Ae ds? Atm As GCM Cex ds? 
871 LI Sol lg €2I sal 6£1 7867E $87 7ze SLZ 1Z89$ 
qf de® daa dv dv? Si? Sy od 12 As ds At ds? 
SUl13} PpO SUL1J9} USAID YBIP] 
suol}eUuIquio’) way SUOI}EUIqUIO’) way 
> 
% (penuyuod) I] ATAVL 








Sa ne ee ee + ee ee + ee 





es ay OE RE Re ee OR Ee a ee ee oe a eE. 














_ ——- ee _ 














w 
* 
eo 
16 1tZ 76 £672 €£7Z ch 6972 691 1¢€ Is L¥l LIZ 
49 Ded D9 def = Ast de de? de? dz Sof Se? 4 
| 
781 etl €8 zZeE—s« ZZ SL 9 | -¥0Z tL 08 €S7Z L8I O1Z $l 69S87Z 
Ae ee fo AeD det df de? qf d aa dw dv? SY Sw ode 
Ite 1£Z 6L zel 9L 61 $0Z | ‘ 
de? def de® de Se? arid Ad | 88 06 £61 OI 16 
19? De? Ad Af A? 
601 80 181 61¢ 101 PIT ZL loses 
Ay? as daa dv” dv Si? Sy det | 6€f £6 Ste $7Z 0Z Z1Z LI 06SEE 
e AD df de af 9 4g 4d oD 
&} £91 991 Z7LZ 0Sz 
be 49? D9 At Act 806 6=s«EC(itéiéiZ €F10S 
x Ae? dev av of 1™ 
> 861 FOI 6LZ LLZ 8bZ SIZ raal 
- def Ae dP det dt dh def gle = BEBE 907 bF 
ro) dAeD de? di ol * 
s €7Z 062 1LZ OFT 19 est Z0Z 
S de? dP def de de Se? Dy? PPI LL ore OS 
ne Ad Ach AD def 
i. 
S be a x. be = = ~~ — 9S¢ 18 SF OST +8 FIZ SEE 6£9SE 
ry de? Dy 40 dad dy? dad dy od 1 
~ 
S6¢ ¢ oor 3=s FE gs¢ 16 SEL8P . 
2 de? de d® d® aq aw ode lc OclOlUCU OhUhlUCU OlUCUlCU 
< 
L8¢ Sse see 7VE 78e £7S9P 1Z Ze OST 98 ZSZ OLT lL 
de0 dO deh 6d ode® | de? dP de®? dP Xf De Ow 
r9E §=—6« E—s«OOLZ ze 09¢ PS97F | 9SZ ZH7Z SLI 97Z gE ZI 18Z 1e0r¢e 
de? GP d® das ad od e& | 48 as de dae de da ad” od 12 
681 €7Z +97 L7Z 9LT uod | Zoe iCHOHSCé«<‘ HSESC*‘#MGEE 6890S 
A? Acf Ad ae def od ¢? Ad ep de? qv oTi™ 
suw19} PPO SUI19} PPO 
SUOT}eUIqWIO’) wday suol}eUIquIO’) wiay 





(panuyuoy)) {| ATAV 

















cs tI ¢ Ose P8e oT Sle 060¢F 96 8 ore PET 68 O71 ca 





Ast Ad Ad AD Af daw oe Uf de? de? deJ d:? dP a 
L972 897 Sel ore 6SZ TAS 11Z 9IT SIT ST LOL 9I¢ III €l67E 
H?? De9 A9? Hf He? De 4st dv as dv dav dw di? of of 
19Z 61 1ZZ Stl 7Z1 zi¢ II +67 762 6rI 
D3 D9 Ad Acsf A? AeD dd? De? Af As? 
97¢ £01 ell S£Z IST 97 $62 £Z60£ 91Z SLZ 667 SSZ ILI LSZ PZ 
d:? dD Dy 4s dv di dw oD? 9 d9? Dd Def Dea Act Ad 
e SOF LOt 86 0620S r6l OFT €LZ S7Z rLI 9¢ 162 
~ AD ds? d1? od Acs A AD de ef dd? de? 
YD 
nw Z6¢ I 66¢ SBE SIL8P LLI #S cst r8I iss 86 797 18F6Z 
= AD <3 a. dw od d:? ds? 4? ads di? d19 d? odd 22 
2 ¢S OF 6% s¢ Le £6¢ i L6E 6S¢ 06¢ L7L6F 
> )¢9 Ak ds? ed Ast ded d:? ds? dq di? oT e% 
S 
= ol LLE 6S I8¢ +2 ral OLE 6S7EF O%E 68¢ ree L¥E O£OLF 
S, Ad dD det de? def As di odd ¢% dD de? ds? da od 24 
4 
~ 19 7h 
= Ded de ° 
99 ele oF 6LE re 88Z £9 S8SZP Lt 99¢ OL OLE tt ¢1 19¢ S9L7F 
Act Aed dst dP df dP? aqdyw od dst = fg dt ded def Af dy ode 
6b 4=LttOLB ¢bz  680E «= 8EZ~—S—«é«OOT z8 *9 
De = sf de®? ®t De de? Ast 
ZOE 2 =—_-« EZ 761 Sil +6 Lz 6£7 "quod ZZ LOE ZL IL¢ 79 Log Z9¢ 1Z97F 
Act At Ad Af A? AeD det od & Ad ded dt dP df daa di ode 
sulJ3} PpO SUI19} PPO 
suol}eUuIquio’) wj3a] SUOI}eUIqUIO-) way 











(panuyuo) |] ATaV.L 


‘Oo 
* 
i. ¢) 





SIPS AEE SR 





837 











££06F roe 4=6HEC(iéiHZC“‘<‘i‘«‘i ESC‘ 
AD de? de? d oD H¢? Def ‘9? AY A 
8I88F 987 SSI 08Z $87 6872 €8Z  —- 987 
42 ae dae of df de? Ud? de® He Dd Def 
3 67ELP 191 782 6E SSI S8t IZ St 
. ae dd? & De? det de® ef 
%S 
S OLehP 
> PP £ SZ 862 OST 89 I 901 992 ZPS8Z 
. d? d? d® d® de ag ar off 2 
S P8b0F 
> AD de? de? d1 of Lee StF 67£ 
D9 J 
> 19¢0F é asf 
D D D 
fb qo ae of ove ere «tee ESE LEZ (O 
Py use BIE sBSEsCTE:SC:é«E:C:C‘iTTN'”CSC«OSST de de de® D8 db af de? 
ms) HS He Df D9 Ad Af ade 
& ooz 46 sig«=—ssL0z—“<«‘é«SSB 8SZ  6OE = ZEZ PSLSZ 
me 90¢ oo¢ 061 807 £02 $97 soe AeD det ed da: de? df dy ods? . 
™ He D8 D8 dAsf de® AM det P 
Sol so S tl? 3 so€f SIZ 91Z~—séSZ 19ZLZ 9S gs gs 6£ I? "07 
dfs ds? de? de? Da dy dw oe? H?? 1)? asf -He Ded Deh 
$119} PpO SWJ2} PPO 
suOIeUIqUuIO-) wa] suolzeuIquio’) way 











(panuyuoy) |] ATV 
































— _— O6SEE oi? 
, gost = 8 099%S Def 6£9Se od & 
ZOST II IOLPS Ae 1099¢ oat 
_ €¢ OOLFS de 908 “Ss £760€ oDe2 
— — _— de 66F 6£T €L67E od & (dz) 
SLSPS Sf PS -6P StZ 799 1OSee ode 4d¥-SsP 
a 996 S7zI 060€F oDef 
eee a 7S8 «= 90ET-—Ss«SZEF oef om 
PSLOS at Lv9 LOLI 89L7F oTe™ 
LESOS dv Ser ors 88h Oz 19ZLZ oe? 
LSPIS S72 622 o¢e 8bL ers ZPS8Z of 92 (4) 
OST OT 8S16F )e9 697 67S 6b 716 PSLSZ ods? = FH Sep ; 
ae | OzST 61- £LL6F Ae 
Ps 6st LS 11266 def ePtos oof 1% 
2 SOIL. = ZI 6S16F d:? 68908 o11™ 
Ss €S68h Se PP: oP 8S 70S od ¥ 
® 909 chi-siteey = Cao 
n PSLES aa 7 ey ; 
2 ZEIT tL L61ZS atc $9 6P . Sel 899 SElLs8P ode™ ds 6? 
S Te0re of 2 
> £O7HP dv? ZPPIE od12 
re 7zel P81 90974 9 S¢-6P Z867E od? 
m (92) vor «Oee~St«“‘itzw:C(‘i«‘r 
aw cd (4 6 oo & ” 
a 612 cee 06L0S od dh - Sep 269 £6 69S8Z ed? qd -6P 
ce d 
987 601 OLOLF oe4 ZOLZZ Dy 
6L¥ $89 €7S9P od e* (d+) IZSET av 
— oS GP - Sep <n Si 
+88 ZEEl 0 AsD 
907FF od * €87Z TA O19ST ds? 2SeP 
€L6EF odi* 
POPEh od i& OPE daw 
- 0L01 S8SzF oll e% €¢8 S19 +02 de? SoP 
— ef 1Z97P od e* (ds) 
- ¢ $S97F od e& GP + Sep 67LF1 Sw oP 
suorzesedag [PAI] *Z1saq *Zyuo>y suorzeredag [PAa’T ‘Zisoq © ‘3yuo> 
% 
iv @) 


‘suoypandyuoy *{I] ATAVL 





839 


ARC SPECTRUM OF NICKEL 


=F +S ea ae Se 











POLLS 














— _ LS619 Hef — — det 
~- _- €PS19 Dey 189 9S01 1129S def 
— — ZE819 Ael (4's) 6t1 61S 6SL LL8 S889¢ He 
— _— PP: SsP 88h €b7— P01 S18 PS696 99 
FEZ FOF SLL Les $1695 Af 
LLSSS Aad (dz) — _ _ 988 SS89S 9 (4) 
£79 tI LETHS ded SS-Sgp 6£6 SOL 1Z89S d? PP -SsP 
_ —_ _ 78179 Hef _— _ (Av) 
— _ _— 80879 Def — — _ — 7986S Av SQ - Sep 
_ _— _ S18Z9 As (Hv) 
— — PS -Ssp Pel Ors 9960S Af (4's) 
86£ 69S 769 619 LOPSP A? SS -Ssp 
18 ¢SOl $799S He? 
It 886 ZO89S Dd "yuozd E819 Of "mor 
799 ZOzT 9919S Ast PP -SeP £9796 iv PS 6P 
suoizeredag [PAT *Zisaq *syuoy suoljzeredag pPAay ‘Bisaq] ~“3yuoy 
(panuyuoy) II] ATaVL 





22 Sa. Se 








HENRY NORRIS RUSSELL 


840 










































































L7z'°7Z d Ss 161 °Z P61°Z d 
9 9 4 d 8L1°Z S61°Z a 
H 1Z1°Z :0€°Z a 1L1°Z 961 °Z d dt 
189°Z 9 $19°7Z d 819° a St 
sa] 3uig syajdisy way sjadisy $39}UINC) way $}a]3UIS sada way 403999] 

De Wu] dv? WUT eq Wuy 

£b0'T PS 

$711 ZIT d 676'0 zSo'l S PP 

080'T SOIT aq. tt0'T t10°1 Lz0'1 8Z0'°T d PP 

780°1 866°0 L00°1 PS 

8ZI'T STI $60'1 d 810'T 7z0'1 800° 1 S10'l da PP 

L80°1 166°0 186'0 986°0 £66°0 PS 

971'1 tIt'l L601 9) 800° 1 800° 1 O10"! 400° 1 tf Pe 

$60'T t10'1 L10'T L10°1 610°1 PS 

€Il't Set'T SOT H $Z0'1 Lz0'1 920° 6Z0'T 9) PP 

‘ €S0°Z 060°Z 666° 1 810°Z dg 

fre *Z LLE* 970°Z S7P'Z d 160°Z SLI°Z ISt*Z LLV‘Z od FF 

: 9720°Z 900°Z $Z0°Z 800° Z 4S 

£9E°Z L8¢°C 800°Z €LE°Z a OST *Z PS1°Z OI *Z OFZ od dy 

: 680°Z 101 *Z $80°Z 080° Z dg 

£0b'Z S7h'@ t10°Z L6¢°Z 9 OST *Z Z9'Z 9ST *Z ZST°Z od dt 

, 90L°Z 7LS°Z 78S°Z L9S*Z 18$°Z s9 

tIL'Z 80L°7 $89°7Z ltl °Z 98S°Z 96$°Z S8s*Z 96S *Z SS 

c6L °C 9SL°Z d $r9°Z £99°Z 9$9°7Z £99°Z a Sh 

$3a|3uIS sjajdisy sjajdiay $}a3uUIN?) way $}a|3ulS syajdiay er, 401399] 
Ae? WUT AyD Wu] 2? ywury 




















‘I tN 40f sjaafaq wnjunnd *A] 31aV 1 





LLL LLL LLL LLL CC et i tt 





——— - — nm = — —— - ~ 2 - - 
rT ~ - TF 2 SP CEES eS SST Se SS. Se es et 8 5 =e ee ™ : ‘ 3 Re = 7 
: . [= = = : SSS RS So ee. ae 














841 





eh *29— ode? 7° 68ZE1 III (8) se°7zse 2 zz "eI — Sex 0 919I1 (1) ¢6'9098 Z 
9¢ ©e9— fo I $8zel III (8) sr'sz7sz, Z IZ *e9— fA 2 6 PLSII (7) so Lze98 2 
Ad °99— Fem $*S9ZEI (I) Zs°pese 2 0Z ob i2—" Dy 6° L8PIT (7) OF 70OL8 Z 
It eI — Se 0 6bZET (Z) 69°S#SL Z 61 ek —* D0 S°86ETl (Z—) 89°OLL8 © 
OF "Af — ff eM S*SbZET (I) $O°LbSL 2 81 ‘d— Fi2 €° Shell (¢) 966088  Z 
6£ é° He? — SDK S* LEzEl (7) sz7sse. 2 LI *19— o'di2 €°O8ZIT (4) 09°7988 Z 
se *d19— S412 S$ 1€zeT III (6) so°sss, 2 91 di f— I Deh 6° 19711 (1) LO; L488 Z 
se "D3 — ff om S* $7ZEl (¢) ¢9°6SSL 2 SI *d19— fA Z°OSTIT (7) 96°S$968 Z 
Le ®t — Sof eM O' 1IZET (1) se Loss Z ia J 3 — SOK S°LbIIT (7) 91°8968 Z 
€Z 'de9 — 2 £° 661ET A (4) O0bLSL 2 el ‘s—-Fde™ 8° TOIT (1) $0°S006 Z 
0 LETEl (¢) 7zool9L 2 €° 9€OIT (7) $$°8806 Z 
9¢ * 9 — oP 22 6 $711 III (Ol) zO°LZI9L Z ral "1 S— S41 om 8° TION (7) 149°8106 Z 
- €Z *e9— $2 I iztel II] (6) *2°619L Z a © 29 — De? 0° FO0TT (1) $t°$806 Z 
ke) se °)e3 — Ff om 9° IITEl (Z) $L°%Z9L Z Ol *f 3 — hf eM b 8L601 (¢) ¢£°9016 Z 
Ps re Sdef— fA eX 6° SSOET (¢) 82° LS9L Z 8 129 — fd €° TOSOT (Ob) 66°6186 +2 
5 e¢ of Ds? —* de 7° 89671 (I) sO°;60LL 2Z 6 é*e9— di? L° 9086 (OS) I°S610l F 
2 T¢ ode?—*de0 b' 6S6Z1 VI (8) %Lzetee 2 9 'de9— ek $* SOL6 ($7) * 10EOl F 
te, SZ 109 — ff 2 1 £8671 (4) O'STLL 2 8 *e9— fA ek 9° 8196 (Sz) o°ogeor F 
r) £7 *de9— Fde2 6° 9£67Z1 AI (OI) 89° L722 Z 8 §79— fA 6° ££96 (Ob) T's8Le0r F 
= ze ‘dif— deh 0° £2671 (1) 66°SELL Z 9 *q29— Sek 7° SO16 (os) $F 08601 F 
S €Z *e9— Fe? $° 10671 AI (Ol) *6°8tLL Z l fd 12—* D0 0° 8768 (S¢) TS6lIl 
me 1€ de2—'qed T’S€87T V IIT (9) S6°88LL 2 9 *qe— Fak 9° S798 (O¢) T6Stl FF 
& of *d1— Fqi2 8° O78ZI A (8) 99° L6LL Z S Md ef— SDK 9° OLEL (Oz) Jessel F 
Ps SZ *e9— £4 0% O'€LLZ1 (¢) 8°978L 2 8° E87 (OS) 9° @7Lel F 
a 82 taef— Fak T° LZLZ1 (¢) so'ssss 2 $°67ZL (0€) 9° 678El F 
Yn £Z *7e9— Fe? bP LILZI (6) O1'198L 2 €°LSTL (0%) 0°696€1 F 
S 67 *4e9— Fh Z°ETLZI ($) OL¢98L Zz 8° 680L (0%) 1 ZOlwl F 
a 82 tdd— Fd — o-g yoy (s) , t fd — "de? $1729 (O¢) L°PL8hL + 
x gI 'dea— Faiz} t) =8t 0684 =z ¢ idem—" 9 6° 8719 (SI) Ov'ETeol + 
SZ *1e9 — ff 92 8° 97971 (4) LP LIOL Z l oA et —* de? 0° O1T9 (O01) O'E9E9T F 
LZ 'dea— Fe 7° OLSZI (1) €'es6L 2 8° 7609 (0S) ¥°60b91 4% 
Z°SOSZI (7) OS$°66L Z b' 1909 (O71) $°S6b9T 4h 
SZ de-tae See (Z) wo clos | Sast—"Ge 0" L76S (SI) $°89891 
— fd ALTA! I ss're08 = Z = 
*2 'del— So eM = SSHETT (1) €6°S608 Zz c od im a) €° 188s (09) 9°66691 * 
£7 79-02 7° LISI (7) 7@Z°LIt8 8 I of t—'G €° 98S (02) 8°986LT # 
1Z *e9— S412 0’ 6SLIT (7) I8'loss 2 6° TSS (SI) 9°OFO8T F 
aidiqinpy uoneusis ’ 
WIAHINY UOHeUsisaq] (9BA) a da Uy ‘y'] a0gnog B.A uoneusisac] (ova) a aon qu] ‘y'] 20IN0g 











‘I IN fo sour] payyuapl “A ATV], 














“6ELtl £b' 7819 
“OZLFT 61° 1629 
“SOLPT th 8619 
“CLOFI 09° £189 
TL9PT 90° 7Zt89 
£6stt 9F° 0S89 
“OLSHT 02° 1989 
“TSStl £10189 
“LESsvl LL°9L89 
8° P8trl 68° 1069 
8° 78brl £8° 7069 
£°SSPrr 9S° ¥169 


S°67bF1 9° 8769 


0 Perl OT S$S69 

0'9EeFl TS £169 

9° 8L7Fl S$° T00L 

0° eLcrl cf POOL 

S° Teel 9L° PZ0L 
*de? — Fe? 


fA gt—*qeD £° e7evl 61° 870L 


°:9— Fde2 9° OZZFI Ol O£0L 
93 — Pf eX S$ OIZFl Ol’ ZEOL 
79 — £2 6° TIZtI Zh FEOL 
9199 — J Oek €°90ZFT 1Z° LEOL 
"A et— PA eX v ISttl 9S “6FOL 
&d:2—'deD €°PSThl S0° £90L 
tas— Jak P ESitl 7S €90L 
"A et— & eX 9° SIF SE" L90L 
Shh LZ’ 890L 
O'OITFT 72° Z80L 
9° 680F1 Lv S60L 
6° SSOP 86° OITL 
9° 9E0FI 8Z°ZZ1L 
8° LZ0bT €L°9ZIL 
1 €ZOFT ST 6ZTL 
L° 8661 SS*IPIL 


9° 0861 T8°OSTZ 
6° 8v6rl FO LOTL 
0 evel OL OLTL 
0 9¢6¢T OL ELIL 
PL 6l6et 90° 781L 
L°068¢T LO L6OTL 
c°SP8et bL O@7L 
8° 9E8et et Szzl 
S°OLLET TL 9OSTL 
9° 99LET 06° T9ZL 
L°Sslet PI 997L 
TOclet 6S 987L 
O'cILEt 88° 0672 


cj rtLet Of 1672 


T° 669¢% $L°L6ZL 
6 9L9E LS’ 60€L 
1 epoet 69° L7EL 
ct 7e9oet LS eeel 
7° 66S¢T se’ tsel 
6° 7HSEt £6° 18eL 
8 9Esel 7° S8EL 
oO’ sesel bo 98EL 
bv icset L9° £6eL 


8° Losel cl tObL 


8° 76ret Se’ 60FL 


b esPrer TS PtPl 
L’oLvel 87° 6TPL 
1 69¢el bE 77HL 
1 6rret OF fehl 
1 eores 76° 8SPL 
9°79EeT 6b I8PZ 
8° 6beet TL 88PL 
s‘97eeh 18° TOSZ 
£°76zeT 60° TZSL 


yajdyjny 4s UoIzeUzISag (OBA) a sse[y "VI a4no0g | Ja/d1yJnNYF_ Ss UOTJeUZISag (98A)4 = SSB ‘YI 20mn0g 
‘dway, ‘dway 


~OMMMNAAD 
anananananananaanaan 


N 


~) 
3 
a 
=) 
ne 
: 
=) 
z 
ne 
a 
sa) 


ANNAN AANAAAANAANANA TN AANNN NN Bann nnne ANNAN 


NANNNNANNN SN N ANQAANNNA ANN 














(panuyuoy) A ATAVE 


SSS I an 





ARC SPECTRUM OF NICKEL 








fo2—*g0} 
"ea — 92 
81 9a— od oh 
*aef— oA & 

ods? —*d19 


¢8 


£° 6seor 
9° SPEoT 


Ss Oreor 
6° Secor 
vb tteor 
£° 80e9T 
0° 86791 
L°9OLZ9T 
07791 
L°Stzor 


$*TOz9T 


L°8819T 
T'Sstor 
6° €8I9r 
£°esror 


S°OLTOT 


9° 89T9T 
9° 99T9T 
T 6Sstor 
S°LYI9T 
787191 
S°ZItor 
$°Z909T 
L°9v09T 
£° 6L6ST 
9° fLost 
TTL6st 
6° 6£6ST 
8° LE6st 
L°LO8ST 


8° Tess 


6° 978ST 
O'eT8st 


£0°TIT9 
OT OTTO 


90° 8TT9 
61° 6119 
66° 8719 
Lt oet9 
£0° E19 
$0719 
8° £9T9 
LI°s9t9 


ss OLT9 


£v°slt9 
08° 919 
97° LLI9 
6b LL19 


OT O8T9 


bl esto 
68° £819 
PL 9819 
07° 1619 
79° 8619 
9° $079 
L6° £779 
Tl 0¢79 
9¢°9S79 
79° 8S79 
8° 6S79 
8° 1179 
$9°ZL79 
9¢° 00E9 


L9°F1e9 


19° 919 
ST 779 


SN SS SANS SSeS SNS et NN OHO Meee Get et eeen eteees = = 


b'66LST 
9° OLLST 
“TULST 
“LULST 

“ETLst 

“LOLST 
v6 ZOLST 
“69ST 
“T89ST 
“PLOSt 
“L9O9OST 
“SS9ST 
“S8Sst 
“S9OSST 
“O9SST 
“Psst 
“S6Pst 
“£6Pst 
“T2PSt 
“SLEST 
“ZOEST 
“007ST 
“£6rst 
“SLIST 
“P9OTST 
“OSTST 
“@ZISt 
“S60ST 
“LOOST 
“LPOST 


L 
0 
0 
9 
6 
£ 
(4 
0 
4 
4 
v 
(4 
8 
8 
0 
T 
6 
$ 
0 
8 


9 


LOOST 
Ivor! 
6l6rl 
978F1 
O6Ltl 
ILLbI 
19Lbl 


T 
T 


9 
9 
8 
1 
8 
9 
L 
£ 
6 
if 
8 
6 


I 
A 


Me tH HwHa™wH 


79° L7E9 
9T 6ee9 
6° Ose9 
08° 09¢9 
Tb 79¢9 
09° 799 
8h 99¢9 
6£° OLE9 
ze SLe9 
SZ 8Le9 
66° O8£9 
69° P89 
£9° vIv9 
OS 17¥9 
06° ¥ZF9 
90° 7E*9 
6S 1S¥9 
LL’ 7S¥9 
78° 7849 
SZ ZOS9 
68° 7ES9 
16° 9LS9 
8ST Ors9 
££°98S9 
Lv 76S9 
6S 86S9 
78° 0199 
2° 1799 
vi s¢o9 
99° £999 
Sb 1999 
78° 0699 
06° 009 
9° 7ZPHL9 
Tv 6SL9 
6L°L9L9 
Se°7LL9 


ine babel > hahababal 0 hehahel>l> > hahahahenl abel hehehehehe hh hehe 





yaId1V[NJ_ UOTZeUsIsag 


(9eA) 4 


sse[y 
‘dway 


‘VI a0anog | J@1d1IN YW 





uoljeUsISag 


(9BA) 4 


sseiy 
‘dway 


‘v'I 


a2IN0G 








(panuyuo)) A ATAV LL 





























Ir "1e9— S412 9° 10¢8I A b+ 8b 79S I €Z1 'dia— 'di2 S°PSSLI 2 AI 9 6° 69S I 
tl ®1 9 — S412 L 78781 (Z) 1° 89S I 7ZI ed 8° LZSLI (1) s$9°¢OZLS Z 
OFT ‘de9— |e 6° LSZ81 (I) ZLS°SLPS ¢ Iz od 12—* 9 9° 60SLI I Zi «9S 60LS I 
6£1 oidi2— SP b €SZ8I I OS 16°9L%S I 0zT of eh —* qed S°ZOSLI II $¢ 68°ITLS I 
Sel °aef— S42 Z OFZ8I (Z) 88° O8%S I SIT "Acf— JA eh L°Z6PLI A 9 60°STLS if 
6° TE€Z8I (Z) S€° EBPs I ZO o! Te? —* 19 S° 16EL1 II 4 SE°SPLS I 
git tyref— de L’ £6181 A Z 06° F6tS I 61 *D)9— £2 L°S8ELI (1) 82° 6PLS Z 
61 91),9 — ¥)e2 8° SLI8t (1) + 66S ¢ ZI old 12—*deD bP ZLELI Il Ol 99°SLS I 
Sel * 9— D2 1 ¢918t (7) €t° Poss I git "As— fA 8° ESELI Al b 8'O9LS I 
Let 19 — £4 12 S'ehIst  éAl b+ 66°60SS I rol °de9— o'di2 0° F6ZLI (1) LL°082S Z 
91 dea — fA 12 0° 8ZI8I (1) 8° PISS Z ZU old 12— ‘dq 7 SPZLI é 94 (Z) O1'96LS Z 
Sel 99 — SD e2 7° 90181 (1) P 17zS¢ Z LU 1 9— $Di2 O° ZPZLI (1) 02°86zS Z 
rel eds > te - ) oe : ou oe ee, T'IZZL1 A S 1Z° SO8S I 
0z1 cd ek —* de : é *¢ ais od . ; 
~ eel fae—*ang €°OZ6LI I S$ 8iss 1 SIE e%Hef—taek{ = EPTLT A @t os'tess 1 
a zel oh —*de 0° 16841 I ¢ sg sess 1 86 od 2@—* 19 0° 860L1 (¢) to'Less tT 
“ 671 taef— Fai? €°O88Ll éAl Z 7° 68SS I oo 9 — Ff oh L°990L1 éAI l 9L°LS8S I 
an ae a ee es Be oe > = * 
° _ & ti—o Ue ° ° 
mn Tet yo—iae ell Il % te6SS 1 | Zt cat—"g{ 899091 Il cE S88coss it 
Re oft 1 29— id 2 8° IS8LT (¢) €1°009S I Ill 1719 — 24 of 6°SZ69I ("T) 6° 906S I 
s 6z1 *def— 12 8° 678L1 (1)  $0°L09¢ Z oll "A cf— I D2 0° 92891 (1) $6°€Z6S I 
> elt *As— SOek Z*SO8LI A ¢§ 8L¥log I 901 old 7 —* 19 9° OL891 (¢—) #8°Sz76s Oo 
. 8ZI tdf—o'di2 O° ZLLLI A t 87° SZ9S I 18 2199 — Ff oh S*SELOT (1) 99°¢26S Z 
ne Lz “99 — old? €° OLLI (¢) s€'szos I €8 24 e9— Fae 0° 1991 A ug LL°966S I 
> LO ‘def — old? 9° PELLI A Z 71° LE9S I 601 84 9— deh 8° 8999T A WZ 8S°L66S I 
i} 971 'dea— $di2 €°6ZLL1 (1) 7s°s¢os Z L8 84 99— Sf eh Z°S999T (1) 98°866S °Z 
sa) +6 29 — SA ok T° ZZLL1 (1) It TPS I 901 od 9?—* 19 8° 1P99T II € T¢° 2009 I 
oll 849 — SA oh 6° 6ILLI (¢) O8'° TOS Z 1° 8Z99T ($) $z°z109 if 
971 *de9— Fdi2 Pr LILLI (1) 79°ZPOS ¢ 801 tas— Fae 6° 06S9T (I) €2°$709 Z 
OI *ef— I D2 6° STLLI (Z) Ob’ ¢et9s I €° LLS9I (Z)  89°0¢09 € 
Sit A ef— SA oh 7° S69LT A @ 89°669S I 8L ‘aef— Fak 9° ESSOl (nT) te'6e09 8 
Sz *42d— Fare P'OS9LI A ¢ 20° $99¢ I 76 &a— Fak ¢° PISO A Z 69° €S09 I 
Sit taf— fk 8° 1POLT (t7—) 6L°999¢ © €8 4 ea— ek L°S7Z¥9l A us €¢° 9809 I 
eI td ef— dee O° ZE9LT (¢) $6°699¢ I LL SA of— fA + 10P9T (1) s¢€°$609 Z 
+z1 ),9— fa ek 0° F6SLI A 8 61° Z89S I 101 di— Face 9° ELE9T (1) 7zZ°sor9 Z 
001 a — Sek I SOSLI €94 (1) 7$° 169¢ Z ZO de? —* 9 1° L9€9T Il 8  *#1°8019 I 
J@IdQINY UoleUsIsag (9A) 4 sseiy ‘ul ‘WI 20mn0g | JaId1qJnJ_ ~UOIZeUZIsag (98A)4 = SSBID *yuy "y'I 901n0Sg 
‘dway ‘dway 
bs al . 
~~ 
oO (panuyuoy) A ATAVL 





845 


ARC SPECTRUM OF NICKEL 














LLY "dea — 4 22 9° 8E86I (47) 4L7°6€0S I 1¢l 64 ea— $012 L 76€61 A t 91 SSIs I 
€9I I a— |e? L’ 1e86l (7) ¢0°1bOS ¢ z91 *49— Sait b 06£61 A 6 9L° SSIS I 
9LT *def— 1d? 7° L786 A t 81° ZbOS I SST 9499 — J 92 6° 18f6l (Z) to'ssts I 
Aa! 'aef— 2 0° P0861 (1) 60°860S I 191 09 — ff 92 0° ZPE6l III 9 99° 89IS I 
SLI 1 19— fA 12 0° 10861 A t $8 ° 80S I 091 tas—édai2 S$ Z1E61 A $ 9S OLIS I 
PLT *aef— SA 02 b 06261 (nz) 9s°1S0OS 9 6ST 'd4— Fdi2% 6° Z0€61 (Z7) eb" oLts ¢ 
ELT ¥)1:9— 8 De2 L’ €8L6l (I) 247° esos ¢ OFl ‘dea — SC? 9° 78761 AI t 6S H8IS I 
6bl "AP — ode 0° S9OL6I te} PO 8S0S 9 671 ad —sae e sere (2) sean : 
6tI A 99 — Fo 0% 6° 9ZL61 I 78° 90S ¢ OFT de?— de ' 
I €Z7L6l (Z) 08°890S ¢ SST 99 — ff 92 1 €SZ6l A Z bS° 7261S 9 
ILI "D9 — JA 2 8° £6961 (7) ¢¢°9L0S ¢ LSI ta — $2 6° SEZ61 A Z LI L6IS I 
ZLI dk — SD L°6L961 (¢) 86°6L0S I 9ST *def— ff 92 9° P9l6l A Z Is"91zs I 
ILI 9.9 — Se? S° LL961 Ill O¢ ¢€S°O080S I SST 8 ea — ff 92 S°OST6I A z LE*O@ZS 9 
OLT *D)9— S412 7° SL961 Ill SZ ZI 180S I PST é'dv— Jaz S° $6061 A Z BE" SETS 1 
691 "de? — de® P 0L961 (¢) g¢°z80S I €St Sea — Fe2 0° $9061 (1) LL eb7s ¢ 
POT *1e9— $d? 8° £9961 Ill St 10° 80S I ZzSt © ef—o'di2 €° 8S06T (1) 19°Sbzs ¢ 
691 *Ie9— ode? $°8S96I (Z) sb ssos ¢ ZZ 8 ed — De? 7° Sb06I (I)  6€°8bzS € 
Let De? — el 13 S$ 9P96I 4 S$° 880S I IST re fee eo orest tH oe’ ores : 
r9I Aca — S$ de2 6 bh961 Z 16° 880S I OST de— Sd 
gol 'dv— ds? 6° £7961 (Z) 7° %60S I 6tI ie gal e% 5 seen : ) af oe : 
SST e— oA 2 b F1961 1 Z 68° 960S I StI As— Fd 0°92 
6bT To oA 2 6° $0961 : ¢ 9¢° 660S I SIT Rd ef— fA & 1° 87681 (7) g9°18zs ¢ 
Zl *def— $e $* Z0961 A OI 86°660S I Lvl S29 — Pde? 0° T9L81 (¢—) PL°8zEs © 
LOI deh —* 19 6° 06S61 (¢) 66°Z0IS I 9FI 8 9 — fo L° $6981 (1) 7zo°LbEs ¢ 
Stl "A e$— SDs? €° €PSol A 8 €P SIs I StI "ef — fDe2 0° O898T (7—) 8° ISEs © 
Stl Sef— & De? L’61S6l (¢) o9°IzIS I zel deh —'de0 S$ PL98I éll € ch’ eses ¢ 
991 D9 — ° de? 1° 90S61 éAl t 61° SzIs I ttl 813 — S4 8° 1T98T Al t Sr ILes 9 
9ST *def— S492 €° S6F6I (1) ¢0°8zIS ¢ ZEl ode —* de? €° ESSsl (7) esses I 
OFT a 9 ae 1° 06661 A $§ og'6zIs 1 aa *d ef — 0 ae 9° cess : (2) ee cots 
= a . Ad : 
mt Ge-fye gamer 6g PEE |S caucahayy) ES | 
Sol dd? * 19 8° 09F6I I 8 osels 1 zest tek — 'qev f «© CPST tt we Ct 
Ll ony “ae L°7S¥61 A ¢ 97° 6O£1S ¢ Ztl Fded— ode ©: Steet tt} Be] : 
9ST Ad — S492 ; ; 7zI A e9 — De? 1 O1P8T ; 
aa! tas—ta f ¥ SEvol A OF LLcHts I Zet ekh —8 geo Z* 16¢8I Il S$) Lgsses OT 
r9T ca — FC e2 t SZP6I A ZI Sh OPTS I 7ZI 8 99 — YD? I Pees (1) O8°zsts ¢ 
£9I "199 — Ue? Zz LIP6l (1) so'gPrIs ¢ SIT SA ef— tA eh & ZEE8I (Z) Og ESbs ¢ 
ya[diqjNj_ vUoIZeusisagq (9BA) 4 sseiy *quy "WI a0mnog | Jajdiq[nyy -UOIeUsIsag (928A) 4 sse[y ‘qu ‘y’] 201n0g 
‘dway ‘dway. 














(panuyuoy) A ATAVE 




















L8I 'dvY—ode? S° bPE07 Ill ¢ 96° £16F 














691 ° de — ode L°SLL0Z (7) LO TI8t 9 I 
Lol tq 3— 'diz S* TLL0Z (Z) $6°ZI8t I Stl  e$— PD €° 9ZE0Z Ill t LE’ Sl6F I 
8g ® 1 99 — 92 b $9202 (Z) 68° I8F 9 9ST 'def— ho 0° $Z£€0Z (7) 698166 9 
9LI °df— bds2 L°8SL0Z (1) Z6°SI8t ¢ 6rI 899 — SA $*°967Z0Z Ill Z 8S°SZ6P I 
7st ®f od — ek $°0SL0Z (7) €8°LI8t I 981 *Aef— SA 12 0° SLZ0Z (1) 78° O£6F I 
781 WY d— Sk Z‘9EL0Z (Z) LIZ8P I 6° 19702 ("Z7) 10° PEe6r I 
961 ‘3 —'di2 L° 1ZL0Z (1) 7S b78b I SPI Cd ef— fDe2 €° SZ0Z AI v $8" SE6F I 
at Pa AA €°ZOL0Z Ill Sl $0°6Z8F I Sst ye ods 7° 8bZ0Z Ill Pe ef LE6F L 
61 Aef— £Ds2 : ; SST Aea— JA¢ S* 67Z0Z €—) 16° 1h6F 
SSI A i beesoe «= IE OF ot Nese OFI tea— de? = HIZOTSCCALSC(‘<‘K:~*«#WLH'SHOC*ST 
r6l del — tA 2 9° 98907 A Z OL ZE8F I Sgt 84 a— SA 2 9°Z17Z0Z (¢) ¢€0°9F6F if 
Sst A c9— A 9 €° 14902 (1) L2°9€8h ¢ 9ST ®def— fA 92 6° 981072 ("]) ¢€°7S6P I 
L° 19902 A Z €S° SE8F I SSI 99 — Ff Z° €810Z éA ¢ €7° €S6F I 
. £61 8 3 — ID2 1° 19902 (6) L9°SE8h I PSI tdis— A 8° FE10Z (1) $1°S96F ¢ 
<) 891 'dia— de2 7° 86907 (¢—) 89° Tt8P © 6tI "99 — ff o2 1° SZ10Z (1) §$°L96% I 
a £61 "de3 — I 2 8° 94902 (1) O'7tr ¢ est dd f— Fa L° 60102 A 7% ve'llor 1 
7) 181 &dck—*di4 6° 1907 (Z) OL €b8h if 191 *),9— Jd 92 €° 06002 ("t) #1°9L6h I 
= 761 8 3 — Sy ok + 069072 (I—) IS €b8P © L91 oA & —*d19 S* 68002 (Z) $€°9L6P I 
me 161 "Acl— SA 9% b ££90Z (1) LI'St8b ¢ 781 fed — F ek 1° 88002 (t—) 0L°9L6P © 
2 691 'dea— J de? 6° 10902 (NZ) LS°ZS8h I 191 9,9 — SH 2 1° $2002 Ill ZILLI 086% if 
~ 061 ea — £92 6° 96502 (1) PL ESsb ¢ ILI 8,9 — 8 22 1° 8S00Z Ill Ol ZI t86r if 
& 691 = 09 — "de 8° 68S0Z Ill Sl 7b SSsP I 9FI 29 — fo? 8° 11002 (I—) 99° S66F © 
> SST "99 — S492 S* 18S0Z AI Z 6£° LS8P I PLI °def— fe? 0° £0002 ("Z7) $8°966% if 
9ST ‘daef— FA 6° £$S0Z ("Z7) 16° €98F I SST "99 — SA 92 + 10002 Ill Z SZ 866% I 
-- 681 ae —- ede €°ZSS0Z ("Z) 62° $98F I +4: (ae od e@ : £6661 Ill RA oe aes 
— fd 1 ' : II oak —*d9 61661 Z SL’ 
S 8st aetna | oersoc «6 OF BBFC 8ST tye9— Ms HS6GT (Z) so'oros . I 
x OL 'dh— ode 9° bZS0Z A z $8 OL8P I PLT °def— SA 2 L° 0S661 ("¢) 16°OT0S I 
191 9 — FH 2 b F1S0Z (0) 92° €L8F © SSI *4 99 — SH 92 L’ th66T Ill Z Lv 70S if 
SST ty e@— 4 oF 9° €1S0Z III t Sh €L8h I O8T ‘1 f— fait 9° LE66I (1) $z'#tos if 
881 "dP — SD 0° 80S0Z (Z) 08° FL8F I SST 9499 — Sof 92 €°P766r = EI Ol t19°LT0S I 
£91 *499— Fe 6° LS0Z (Z—) ZL°988F © POI 24 e9— de? S* 17661 AI ¢ Of 8TOS I 
6bT 84 99 — fo 8° 9SF07Z (¢) 00° 288% I e9I ®499— Fd e2 0° 68861 (1) os°9z0S ¢ 
Sst 29 — ho b ZhH0Z (¢—) Pb 068F 0) 6LI *ef— Fai2 €° P986T ("T) LL°7E0S I 
S8T 94 9 — Da $* 86£0Z (1) 16°006% ¢ ILI D9 — SH 2 0° FS86I Ill ZI «9g “SEOs I 
Ltl 'Se9— Fe? 7° P8E0Z lll Ol OF P06F I orl "A c9— SA 2 L* IS861 (n¢) 96°S¢EOS I 
SST "99 — oh 9 S* ZS£0Z A Z £0° Z16F I SLI *Tif— | de €° 1P861 (¢)  6sS°8¢0S I 
yId1IjNY UOoTZeUsIsag (OBA) 4 sse[y *qUY "YI 901NOg } Ja] 19[nN uolzeUusIsag (eA) 4 Sse *qU] "YI 201n0g 
‘dway ‘dwayp 
=) 
© (penuyuod) A aIaV] 














~ 
bs 
fo) 


ARC SPECTRUM OF NICKEL 








€1Z ©de3 — Ff 92 1 | 02 tait—'de? S° €SZIZ A t 6L° €0L¥ I 
061 #99 — £)o2 © £0Z 8 9 — De? 8° SPZIZ (1) Is°SOL¥ ¢ 
ZZ ty if— Iz III I 681 "99 — ode? 6° £bZ1Z (1) €6°SOL¥ ¢ 
r6I ° of— fA 2 A I 9LI 'def— ode? Z°91Z1Z (Z) 90°ZIL¥ I 
11Z it — fA of I 881 94] 49 — 8 Do? 9° SOZIZ Il St tb Ile I 
01Z °F 19 — ode I gs ®f 99 — De? 9° 66112 Il 8 OL SILP if 
161 A of — S92 I r9l 24 e9— § 2 S*S9OTIZ (t—) SE EZLP (0) 
602 ® 429 — Fs © 102 °419— fe b £Ollz (1) 78° €ZLP £ 
80Z "Aef— &Ds2 if I LbLIZ (Z) OP LZLP if 
L0Z *aef— #2 ¢ r61 "Ael— tA b SHLIZ (Z) 8° L7L¥ ¢ 
r6I ®ef— Ae I 161 °Tef— A 2 8° ZHLIZ (1) Zb'SZLP ¢ 
881 ®f 99 — D2 Ill I Z61 87 3 —*y 8° SETIZ (Z) @€'6z7LP 9 

I 861 “A ef — |e? LL@uWwz=—Sse AT € O8'°IfLF I 
£0Z "29 — S$ Dq2 I 761 ed — SA ek L°PZ1Iz A ¢ Lv 7EL¥ I 
881 "99 — Do? A I 061 D9 — Da? 8° 90T1Z (1) OS°9ELP € 
88I ® 199 — Yo? Ill 1 061 9)¢9 — og? 9° 06012 (7) €t'OPL¥ ¢ 
S6l 'def— FDs2 A I SLI tais— $d 1° S801Z (€—) 9€°TPLP © 
061 1). — Do2 ¢ 202 *D)9— £2 b LEOIZ (¢) Il'7s.r I 
161 SA f— SA 2 ¢ L8I 'di9— de® I 9€01Z Ill ¥ It ZSL¥ if 
861 ®ef— fe2 ¢ 6rl © 99 — fA 9° SZ01Z A ¢ SL PSL I 
902 "Sf— di? © 881 * @— YD? 6° LIOIZ Ill Ol 7zs‘9SLe 9 
OFI © 99 — SA 2 © 981 ‘A ef— SA i2 S* 6001Z (1) 7b SSLF ¢ 
ssl 89 — ff ¢ 007 odhk—*dep 0°16607 ~=CéWW IT ¢ €9°Z9OLY if 
88I YA G9 — So? Ill I rol A el— SA? 1° $8602 Ill ¥- S6°E9LP if 
161 *Aef— SA 9 r9I 24 ed — Se 8° Sb60Z (1) 68°7LLP ¢ 
Z8I 212d — ek € 102 84 9— FCe2 8° £h607 (%) 9€°ELl¥ 9 
r8I taif— fd 2 0) 181 dekh —*a9 Z* £8802 (Z7) 82° 98LP I 
r6l1 “A ef— SA 2 élll I 881 94 9 — $e? 1 98802 II St S$ 98LF Vf 
861 *ef— Fs A I 00Z ok —'deo L° 99802 (1) 66°06LP ¢ 
$0z ‘A if— Fae ¢ 8° 8S80Z (Z) O8°Z6Lb 9 

¢ oe) "99 — °c? 6° $$80Z (I) LP €6L¥ ¢ 
161 A ef$— IA 9 681 & 99 — ode? 9° S$80Z (1) #8°S6L¥ ¢ 
TLI © De9— fH 02 © 661 ‘de — Faiz 8° 67802 (1) LP 66L% ¢ 
88I ®f 99 — FDo2 Ill I ZPl 'def— Fd? €° 8Z80Z Ill if €8° 66LF ¢ 
Z61 ty ed — J of ¢ 861 "A oS— fe? Z° L6L02 Ill t 66° 908% I 
£07 "A c9 — YD? 9 SST "A c9— SH oF 9° 06402 (1) 7ZS°808F ¢ 
761 MA ed — SA oh A I 991 9 — Fe2 1° 68202 (7) L8°808P 9 

VIdIQINP UOTZeUsIsag sse[y yajdnjnyy = uolzeusIsaq (28A)4 — sseID ‘V'I 
‘dway ‘dway 











(panuyuoy) A ATAV YE 

















 ELL7Z A 98° 68Eh 
L@Z 0° TLL2Z €¢' O6EF 
€7Z 0° LELZZ 68° 96h 
802 0° 8ZL7ZZ £9° 86E% 
97Z 6° ZZL7ZZ 19° 66€% 
$61 9° 61L2Z 92 00bF 
S7Z ¥ OLLZZ 18° 0OFF 
072 6° ZILZZ SS* LObF 
602 8°9997Z 0S" Oth 
BIZ 8° 20972 00° £ZbF 
2Z ' £6S7ZZ TAG 
£77 6° 6€S7ZZ bE" SEP 
022 9° 1€SZZ 86° SbF 
SIZ S* 8ZSZZ 8S" LEbE 
Z2Z 1° 80SZZ Sb IbbP 
102 6° £0S7ZZ Sb beh 
12Z 0° $972 1 OStF 
11z Z" $977 87‘ OStP 
022 0' 0222 S0' 6S¥F 
072 6° ZOFZZ OF Z9bF 
80Z 1 86€2Z Zt $9bb 
gIZ 1 €8€2Z OF 996F 

9° O8E7Z 06° 99%F 

b SLEZZ 6° LObP 
07Z L' 729€2Z 6F' OLFP 
61Z €° ZIEZZ 8S" O8bF 
gIZ 1° 60€2Z £7" IS bb 
80Z 9° 26227 $S' P8bb 
it 6° 729727 €S" 06bF 
912 6° €$Z7ZZ bE" Z6bP 
161 1° L0@2Z 69° 10SF 
402 0° S81zZ O¢  90S% 
861 0° ZS12ZZ 10° €1St 
9LI 9° LbIZZ 16° €1St 
“10822 A “$8EF SIZ b8Z1ZZ 18° LISP 
“16L7Z _ Lb 98EF $1Z 8° LI1ZZ Il 66° 61SF 


WeA)4 = SSRI ‘YI 20un0g | Ja/d1yjnp_ -UOIZeUZIsag (98A)4 = Sse ‘y'] 201n0g 
‘dway ‘dway 





FOOT $9 F9IP 
“ 166€7 96° 991P 
* T68£7 Lv vsly 
“878E7 eS" S6lP 
 PO8ETZ $9 661P 
0087 Lv 007P 
£6LET £L° 107¥ 
“06LE7 ST° Z07P 
0897 IL’ 12?P 
879ET SO’ 17h 
vO9ETZ 67° SE7h 
£097 cS S¢7P 
86SE7 BE 9E7P 
TIS¢z OL 7SzP 
SOPETZ 6f TL7P 
CLEET 89° P87P 
67LET 12° S87P 
PIEeZ J 10° 887? 
TL7&7Z 06° S67P 
S9TET 66° 967P 
LS7ET cS 867P 
SS7EZ 8L° 867P 
“O1ZEZ 87° LOEh 
“TLTET Le’ Séev 
TETEZ “S7Eh 
P80E7 “OLEF 
“6L0E7 “Teer 
OS$67Z “SSeP 
“0F67Z "LSEv 
T£67Z “OSEP 
16872 “LOEV 
“$8877 “S9EP 
“OL87Z “OLEF 
“9877 “SLEV 
"60877 “78£P 


Z7£Z ds?—*qy 
6£Z 

LEZ 

SEZ q 
€£Z S1et— Fe 
Lez "A ef— $ds% 
9£Z Aet— SA eh 
SEZ ti if— fDe2 
07Z ®499— $92 
L7Z ®ded — Fd 
1€Z ‘def — Fae 
67Z 

PEZ 

Lz 

77Z 

07Z 

07Z 

17Z 

1ZZ 

££Z 

1ZZ 

Z£Z 

1£Z 

€1Z 

07Z 

S7Z 

O£Z 

S7Z 

67Z 

07Z 

607 

807 

S7Z 


87Z 

077 

817 ‘de3— 'ds2 
Jajdiqjny_-uolzeUusisaq 


SCAMOCMMMAPOVEAVANFTRONANNOSA 


—] 
a 
a 
ee) 
4 
~n 
~ 
i. 4 
S 
z 
> 
m 
2 
~ 
ne) 


TA) Cet ot et SOMOS SSK SK HOO MOM BOM SS SBSH BOS eH 








—~| Cooneoromnaantnra 








(panuyuo)) A ATAVE 




















€SZ det—*Q €° 6STSZ SS £16 
7Sz "OS— £412 Z°ZS1SZ 89° PL6E 
OSz "Ae — Fde2 €° Z60SZ LI P86¢ 

9° SL0SZ 78° 986£ 
1SZ 'Sef— de? 6° £L0SZ 60° L86£ 
8bZ *de4 — fe? L° 0€0SZ L6° £66€ 

L° S6bZ tI 900% 
bbz 8 3 — ff o2 L 0€6bZ 66° 600% 
0SZ He — FU  L'EBBbZ 9S° LIOF 
si , fu - ee, b PL8bZ 90° 610% 
9¢7 ty yt — tof “} 6° SS8bZ S0°7Z0F 
8bZ 0° FF8hZ 66° £Z0F 
Lt7Z I LE8bz Il $Z0F 
967 0° SE8bZ bh SZ0F 
StZ b IZ8bZ $9° LZ0F 
tbZ 1 9SLbZ 87° 8£0F 
€b7Z Z° POLEZ 91° 9b0F 
SEZ Z° LL9bZ 61° 1S0F 
LEZ d 0° 0F9%Z Of * LSOF 
SEZ *Aif— ID 1° L6SbZ SE" F90F 

L° LOSbZ $7 690% 
7bZ *1it— fd i2 b SPSbZ £6°ZLOF 
7£Z ods? —*qy 9° £EShZ 06° $L0F 

b 6ZSbZ 09° SLOF 

0° 99667 ST 980% 
162 * 3 — Fak 0° L9EbZ 9L°ZOl¥ 

€° SSEHZ ZZ POL 
1#Z D3 — Faek L° 8877 86° SII 

L'Tb7b7Z 6L° €Z1F 
FEZ "def — Ff eh b OSIbZ ZS Sel 
OFZ *1if— Faiz 0° SE1bZ 61° Zblt 

€° PETHZ (AMA DS 2 
6£7 ®det— JA eh SOFT HZ L6°7blt 
1ZZ Ff od — $De2 S* L8067Z Le’ OSIt 
SSz L’SLISZ 6b OL6E 1£Z °def— det Z’ OFOFZ PS SSIt 
$SZ of e2—* 1‘ 891SZ 91° ZL6¢ 07Z ®4 99 — 92 1 bZ0bZ Ie 19lt 


JadiqjnNj_ UOIZeUsIsag (9A) a ‘VI 20mn0g | Ja/d1QjnP_Y Ss: OTR eUZISag (9BA) a sseiy *yuY ‘VI 904n0g 
; ‘dway 


"He®— "2 «6 FELIZ 6L 6ELE 
9 F109 — I De? 6° £6997 9S PPLE 
fdst—"%yq0 6° $9992 +0’ OPLE 
1° 69892 29° Z9LE 
dst — "de? 0° 00S92 ZS*ZLLE 
2es—*qy0 9° 81497 9$°SLLE 
fd—*dy? Z' 19692 SO'SLLE 
fe —* Qi? 6° 72497 ZS" €8LE 
iii dain €° 9197 IZ O6LE 

wont ds? . P 
ae vw \ 9° 19¢97 ££" Z6LE 
$97 det — ty gD L'7S¢97 09° £6L¢ 
69% &det—*q 0° 6$Z9Z $1 LOSE 
8S! e®@—'e? Z"O€Z9Z Ze" TISe 
€S% ide?" $° 06092 69° TEBE 
09% sf e®@—* oD 1° 78092 18° ZE8E 
Sof— Fd e% + $0097 LZ PSE 
192 D3 — Fee 8S PPSE 
Z9Z 87 BS8E 
192 80° £98¢ 
19Z 09° LL8¢ 
092 0° LZLSZ 18° S88E 
= 6° 1OLSZ 19° 688¢ 
SZ ° £09SZ £9° $06E 
9FZ Z*SLSSZ £6 806£ 
SSZ 1 €$SSz If" Z16¢ 
8SZ 8° SFSSZ 86° Z16E 
8° SESSZ 1S 16E 
Lez 8° SLESZ SI b26E 
Lez L' I8€SZ $l 8E6E 
0Sz 9° 19¢SZ 98° 1F6E 
SSz Z" LbESZ Ol FF6E 
1SZ €° O8ZSZ £S' $S6E 
9SZ 0° Z£7ZSZ O1'296¢ 


~] 
° 
© 
~ 
2 
<3 
jo) 
= 
» 
~ 
S 
ey 
nw 
1S) 
Re 
x 











(panuyuo)) A ATAVE 


























97799 — I De2 S° OFSLZ 68° 67Z9¢ 

*He9— J De 9° 8ESLZ $2 O£9E 

3 de2—* qo 0° £0SLZ $6 bE9E 

fe —* fe b 7SHLZ €9° 1¥9E 

od kh — de? 8° OPPLZ SE 7H9E 

®det— $e? O° SEPLZ $6 €P9E 

L° 90bLZ TL Lb9E 

*d99— Je? O° LLELZ 99° 1S9¢ 

SLZ ® dea — SA 9° OFELZ es 9S9¢ 
89Z @ 99 — FZ 8° TEELZ OL LS9¢ 
PLZ Det — "ed Z° OO£LZ ¥6° 199¢ 
$97 old e2— "YD Z° P8ZLZ 60° $99¢ 
S$ OLZLZ 76° $99¢ 

L9Z *HeI— SDe2 9° €SZLZ 07° 399¢ 
$9Z F923 — 8 yf gD 6° SbZLZ €7° 699¢ 
$97 odet—*y4ed I LEZLZ Zh OL9E 


z —_— 
79¢ ed ae 8° 60ZLZ Il FL9¢ 


8SZ &ds2—*de0 

€° OFTLZ 1S €89¢ 
€1Z fd oF —*y ed €° POTLZ Ih’ 889¢ 
7LZ "A et— Ue? L* L60LZ I¢’ 689¢ 
8SZ ods —* Ce 8° £90LZ £6° £69€ 
OLZ deh —*de0 ¥ 9FOLZ Of 969¢ 
OLZ odek —*deD 8° €FOLZ 99° 969¢ 
1LZ *def— fe? 0° ZFOLZ 06° 969¢ 
997 od 2 —* QD 1° 78697 Il’ SOLE 
OLZ odeX—'de0 €° 77697 be EILe 
OLZ deh —'de0 L° 61697 OL EILe 
89Z 999 — $52 L° 90692 OS SILE 
697 ode?—'de? Z° 9S89Z Sh ZZLE 
89Z $99 — I De2 9° 6F89Z 6£° €Z7LE 
897 #1)99— $De2 b £$89Z 97 PZLE 
L9Z 97199 — SDe2 €° 6£89Z 78° PZLE 
197 *De3 — Dez 8° 60897 76° SZLE 
69Z of De2— Fy gD L°96L97 SL°OELE 
997 od 2 —* 0 Z° €SL9Z 18° 9ELE 
$9Z J De%—*y gD 6° SEL9Z €Z° 6ZLE 


J@Id1IWINWy ~UOTZeUsIsIg (98A)4 = SSRI *qUY ‘WI 29mn0g | JaIdININ_ ~UOIZeUZISag (98A)4 = SSB ‘YI 90mn0S 
‘dway ‘dway 


"A f— JA 2 $6787 68° 8ZSE 

&diX—* ded S* £787 €9° 67SE 

"99 — SA 92 8° STE8Z 6S OFSE 

®99— Po? 9° Z978Z $7 LESE 

93 — Sy 92 $'6SZ8Z 9° LESE 

"A et— SH 92 9° $ZZ8Z ) 00° 7ZrSE 

(am 26) $° 661872 OI S#SE 
o de2— "Ue? , , 

‘taeatge} 6 «PSLISE 61 8hSE 

qd e— ‘de? \ 8° SFI8Z Ps Sse 

ote jv ee1sz l Sb Esse 

*He® — So ¢* Z8087Z Z £6° 6SSE 

of Det— "fe 1° 89082 Ol sz 19S¢ 

cA eX —* ded 0° SFO8Z (Z—) 89° POSE 

&di2—*qd L’ 1€08Z UMOo0r LE 99S¢ 

fA e%—*f ed 9° 886LZ wos LB 1Ls¢ 

"dof— SA S° LL6LZ (¢—) 8z' Else 

"D3 — S192 L°'9S6LZ Z $6 SLSE 

fA 9% — "yf gD 9° 9F6LZ Z €Z°LLSE 

6° P8817 (7) st'ssse 

of s2—* de €° 98LZ ZI £6 LBSE 

6972 o'de2— "20 9° L8LLZ uos OL L6SE 

08Z *d99— JA 92 S*ELLLZ (1) ¢€9°66S¢ 

$87 JA st—* fe €°ZSLLZ St 8z°zoo¢ 

oes 5-48, O'LELLZ VIII I LZ’ ¥O9E 
om Oo AF e ° 

ZLZ Paani T LILLZ A v $8 909¢ 
9 — de . e 

os ‘eet y  £°86922 Il St te'609¢ 

692 ede?—*(e0 $° 689172 Il wo0o sr oro¢g 

787 "A et— J 92 1° Z89LZ (1) 7p it9¢ 

$97 92 — * yf gD 0° 189LZ (I—) 99° 119¢ 

6LZ fe? —* yf D 0° ZL9LZ Il woe EeL'zI9E 

18Z fd i2—*qy I 1Z9LZ Il UOST 6¢'619¢ 


0872 (99 — 4 92) \ ; : 
$97 $pa—ry,0 { —- V OBSLZ II St ¢€Z'#79¢ 


| 
— 
R) 
a 
© 
a4 
~ 
~ 
Fe 
S 
2 
> 
4 
a 
oe, 


_ =a _ 














(panuzjuoy) A ATAVL 











96187 (C—) 729° TLbE 
6887 uoL ss cLr!e 
"SSL8Z uz 99° OLbE 
“SPL8Z 88° LLbE 
1PL87 Of 8SLPE 
“£EL8T 97 OLbE 


97L87 Ll O8te 


FOL8Z €L° 78b¢ 
L6987 £9 E8re 
96987 SL E8re 
$8982 IT Sse 
81987 68° S8PE 
6S$98Z 67  88PE 
07987 L6 76bE 
“90987 OL P6rE 
“£6S87 se’ 96r¢ 
“OSS8Z ss 0ose 
THS8T 09° ZOSE 
0O0S8Z OL LOSE 
6LP87 be Orse 
"89F8Z 19° TEs¢e 
“99987 v6 Tise 
“ESP8Z 8b etse 
 OFP8Z II s6' etse 
“OPF8Z II 90° SIS¢ 
“ TEP8Z Ill c2 91S 
STP8T £0 Lise 
“TLP8Z Ill 9 SISe 
“ ZOP8Z II 8L° Ose 


De" OLE87 I  8g0°EzSE 
—_ 2 
Z64 vat —ae\ ‘eles? = sdL=C(ié«é:C:é«CSH' ZG 


697 de® —* Ce b P9E8Z Il wo0z HS HzSE 
$67 99 — J 22 b 8hE8Z A ¢ gS 97S¢ 
6L7Z of de? —* fe L° 9€€8Z Il St 66°L7S¢ 
£67 "A el— Faek 9° LEE8Z A ¢ 79° 87SE 


#199 — £4 93 
06Z fde2— %(][_0 
98Z *1eof— Sd 
967 999 — Jo 9 
7LZ ®et— Fe 
00¢ 9D)_e3 — D9? 
967 99 — ol 92 | 
98Z "Af — dA 92) 
£87 "D3 — Pl 
€8Z €e3 — Sf 92 
6L7 o§ de? — af gD 
687 "He? — £4 92 
86Z old 2 —'e? 
08Z ®99— J 92 
6972 ode2—*eD 
767 ef— bf 2 
6872 929 — JA 2 
6LZ dee —*f ed 
$8Z sd y@—*feD 
$8Z fA 92 — "yf ed 
697 ode2—' ed 
667 2’ Ded — fH 2 
962 #99 — Ff 92 


6° 9767 "L6Ee 
£° £6£67 “TOPE 
L°£Leo7z “Ore 
8° SS£67 “Sore 
L 0767 60bE 
0° 96762 “Elbe 


£° £8767 “elve 


£° £8767 “elee 
7 9L7Z67 “ble 
b' 89767 “Stve 
1 $7762 “O7bE 
0° 17762 “12ve 
0° 07762 “lve 
S$ 11Z6z “CUbE 
6° 90767 “CCbE 
L° 66162 “€7v!e 
$°6ST6Z “Stre 


6° ST16Z “eeve 


S° 66062 “sere 

S° $8067 “LEve 

¥ Ph067 “CbPe 

0° 06062 “CbPE 

L°9£067 “CbPE 

$ 7° 9£067 “ere 

vor 9° $7067 “Pbre 
062 L° 30067 “OPE 
867 0° €$687 “CSbE 
L6Z £° 90687 “SSPE 
862 9° 6L887 “T9bE 
£0¢ 0° OL88Z “79PE 
cOE 1 6S887 “P9bE 
987 7° VEB8T “LObE 
S87 6° O£88Z II “LObE 
987 1 67882 A “L9bE 
Toe S° PI8sz II “69FE 


qa/d13[NJ_ UOIZeUZIsag (98A)4 = ssBID ‘WI 20mn0g | JafdiqjnJ_  ~UOTZeUZISag (98A)4 = ssBIy *quy "WI 20mn0g 
‘dway ‘dway 


867 od s?@—* de? 
167 oA eZ —*e0 
98Z 9 of— Sd 
98Z of — bf 92 
967 999 — Sf 92 
£lZ oe —* yf oD 
S67 De —* QP 


ARC SPECTRUM OF NICKEL 
N ANWDOSOMAAMAANVO SHI owmonanmnn = CnNOoOom® 


I 
T 
I 
© 
I 
© 
if 
I 
if 
© 
T 
6 
if 
if 
if 
if 
© 
I 
T 
T 
T 
I 
T 
¢ 
1 
T 
T 
if 
if 
9 
£ 
£ 
T 
i 
if 














(panuyuo)) A ATAV] 






























Lie oA eh — Ff gD 8° S680e I v OL SETE I 6le Fh —*qw 8° 0600¢ II 4St Ze @cee I 
Ize od 12— "20 c 9780€ I ust 90° £hzE T ole D9? — fs? $* TS00¢ Al v L9°97¢E T 
ore "Ds? — of Ds? $° PO80E A UP Se Spze £ 60£ def — S32 6° bHOOE A v OF L7EE T 
97e o De? —*TeD c°SLLOE II 8 bh 8hce £ 062 o Ue2—* 20 0° ££00£ I $ TL 87EE i 
Sze od12—*f 20 L°S9Loe I 9 bh 6b7E I Ite *Asf— F992 1’ O100¢ (NI—) 92° Teee © 
6le &deh—*qy0 £° esloe II 6 $L°OS7E 1 L’ 1000¢ A %&% 61° ZEEE 1 
£° b790€ A WZ br F97E £ T° 1L667 A %&% 6S SEee £ 
1’ 06S0¢ A UP 60° 897¢ if 862 od 97 — * 2? £° 8667 I v ZO LEEEe T 
ete Fea od 0° 78S0¢ A "WZ 96'897€ ¢€ FOE He fd? ¥° $$667 (€—) ve" aces (o) 
fie Sqe—tqw) «S190 «Ores | Soe toe Fohoce | AU SO'OREE I 
ore *D)99 — of Ds? 9° 6eS0e (1) os‘ eLze ¢ $87 od s?—"d eD? L’ 7867 (I—) Lo see © 
Tre *A f— Jf Ds? 1’ OzS0¢ (7—) 6$°SLze © ore 999 — J Ds? v 19167 Al 8 Ol 6see 1 
< 60£ °def— oh As? 8° POSOE (I) €@'Leze =f Il¢ "A f— Jf Ds? b° 7HL67 Il $§ vze'1ee ft 
| ble "He? — of De? 9° 19b0¢ A $ 88° 18ZE 1 L6Z od s2—* Ue? 9° 6£L672 Il woz 9° 19¢E 1 
os cle o De2— 8 oD 0° PSOE II 8 OL 787E 1 LIE &di2—'de? $°87L67 I 9 18° Z9¢¢ T 
“” ble °Ho? — J Ds? 6° 7SPOE A $ 78° 787E 1 00¢ D3 — Ds? $° 17L67 Al v 19° ¢9¢¢ T 
zm 8° 8EPor Al v be H87E i Ile *d of— 3D92 8° ZL L67 Al $ 6S F9EE 1 
ste ‘deb of ds2 0° 8ehOe (1) eb H8ze Lf 9Te od ch —* 0 v ZOL6Z II 4St LL°S9EE i! 
Sloe Gye tqee} «MOF 8 Soromee ot | PE ee Skew | Or iwroore | 
eae Clee Ole D9? — o's? 7° £696 ; 
S b7E odi*—*d4 0° 71v0E Ill c £7 L87E I st¢ *det— $s? 6° 88967 (I—) o¢° 29¢¢ © 
= 60£ 'def— Sde3 9° 7StOE (I) L9°¢6z¢ I 067 o Ue2—* de? L° £89€7 II 8 68° L9¢¢ T 
i £7e *d?— °d 2 L°87t0¢ (1) 92° 96z¢ i 6L7 o Ue?—* Ae? 8° 39967 II wos ss 69e¢e T 
fe c7e 'd?— 232 9°71e0¢ (¢—) 10°86z¢ © cle o De2— 8 2D $° L¥967 II 4St 00° 7LE¢ i 
= ole $99 — of Ds? 0° 6F720E Al 9 $6 vOee T 867 ods?—* Ce 6° £7967 II 48% 2° PlLee T 
fx) Ile "A af— $Ds% 1 O€70¢ A (4 10° L0¢e I rie 4H 99 — Ds? £° 7967 II st wee . I 
x Ite 'd of — & Dee $°c1zo¢e (N€—) ¥6'80¢E © Ole 99 — oD? 7° 91967 A WZ 9S SLEE T 
oof "Dd — $952 6° 80Z0¢ (N€—) ¢€°60¢¢ © 90¢ "He? — 1 Ds? $* 60967 A v ee OLee I 
6° LOZOE A W bh 60fe I ele odi2—*di? £° 7LS67 II wos ss osee T 
OTe SA —* 0 6° 00720¢ I Ss 12 Ole’ I cle o Det — "of 9° 69867 Il 48% 68° O8€¢ T 
rie *Hs? — o° Ds? L’18lo¢ Ill OF ce 7lee T 867 od s?— "Ue T° 71862 I £ Lv L8E¢ T 
bie *He? — FDs2 9° SL10E A v 66° 71Ee I 6° S$0S6Z (7) st ssee T 
Ize od 12—* (gD Z IStoe Il woe LO Stee I £17 od %—"A 20 0° 1867 II wos sO 16ee i! 
80£ of U12—*A 20 ¢°6010¢ Il woz 92° O7EE 1 062 o Ue2—* de? 1 ¥967 Il UAOOl 66° 76EE T 
ole *)19 — Ds? L  volog A 9 6L° O7EE I vor 9H? — J x2 S$ 9EP67 A 9 LI 96¢¢ i 
O7E "del— Ss? 9° 0010E A 4 2° 17ee I 687 "He? — Jd 3? 9° £67 (t—) 19° 96¢¢ 10) 
JINN uOleUsIsag (298A) 4 = SSRI *qU] ‘YJ a0mNn0g | JoJdNINY_ ~ UOTeUsIsag (98A)4 sseiy = “JU ‘VI smog 
‘dway ‘dwiay 











(panuyuoy) A AAV] 














Lae] 
% '7m—% TD = ' , 
SOS Smart) eswee om use ovwese or TE Ee ON OF Tega 
lee deh —*qep 0° 96z¢¢ Il WOO! 6 Z00¢ I fb—'dev 8° POSTE Al Z LU Pole I 
Ire fAk—* qe b €8ZEe II woo ¢€9° E00E I 97¢ of e2—* Qe P I8St¢ I ¢ Is Sole I 
thE eak—*qw 8° O6IEE II USL 10° 7Z10E I PEE fdet—*deD b' 6ZSI¢ - 2 €L OLIE I 
ere fdem—*qev ¢°Szlee (1) 96°LI0¢ I see éldeX¥—'de? Ll PLele Al Z Of OLTE I 
ze gif 46 eZee Il UOz St 6lo¢ I PEE 3 det—*de? Z'O7HTE Il S SL’ I8Te I 
re enida)  Yioee Are orteeor | Ee Poneto ante | 
Lz JA hk —*f oD t €L6z7¢ II 401 JZg°I¢0¢ I L7¢e od ch — Fy gD ¢ POET Il 8 Le’ pele I 
og¢ fA ck —* ev $° L06Z7¢ Il U0o 6° LE0E I gee 9 od — SH 92 b' OzEle A Z 68° 161€ I 
zee fh —*f ed I 1e8ze Il 401 1t0°SPO¢ I oze ®1et— Fe? ZZOETE (NI—) #2 £6T€ © 
™ ogee Ak —* ep S$ 89L7ZE II WOOT ¢8' OSE I org ¥1)¢9 — $2 1‘ Z6Z1¢ (Z—) LL vole © 
fz) 9¢¢ fd sk —* Qe 0 Te€Lz¢e Il wos ze’ PSOE I zee fk — 84-0 Z' P8zZI¢ Il 9 gs Sele I 
Ps Ite dk — "ded sone Il 4s 59° £508 : Ie¢ odi2— "Ce 1° 697Z1¢ Il 400 Zt L61E I 
~ ; i ¢° LbZIE A ug 9¢°66IE I 
= Ite fdk —*qev 6° 0797E Il Usz ¢9°P90E I Lt¢ fdi2—*de? 8° 9E7ZI1¢E Il S €b' O7ZE I 
, OFE 94 3 — 22 $° 1097¢ Al ¢ 9P 990¢ I 6z¢ J of— 3% 0° 07Z1Z Al S ST Z0Z¢ I 
) ¢° 1osze (7) 16° SLo¢E if 67£ *of— ds? 7 ELite A UP 96° 907¢ I 
= Ite fak—'qen l'osteze . Il woz 92°080¢ I 67£ "dof — $92 9 PPE A S 16° 607£ I 
S Ore 94 3 — Sq? 1° Z87z¢ (41) 08°960¢ I 77 1d — $32 ¢' OTE A us pp etze I 
me L7e od &— "fed L'8L27E II 4S ZI L60¢ I eZ *d9— Ids ¢ POLE Ill L 90° FIZE I 
6££ oe — Fe? 6° LS7ZE Il 421 Z1°660¢ I €7¢ *qa— $d L’LLOWE Al ¢ 78° 91ZE I 
3 o¢e fd ck —*q_p $°Z€7ZE Il WOO 9S TOE I 7ze ®Ia— Id? 6 LOOLE Ill 8 €8°LIZE I 
ey see fd K—*qy Z° 677ZE Il UOr ss tore I 67E e1of— $d 8° SPore A € 18° 61ZE I 
7) zee Ih — Fy ed 6° 161z¢ Il 48% Le sole I ore Hef — FDs2 9° PEOIe A $¢ gz 17z¢e I 
2 ess ae Se 3 sotze f ie ZL LOE if 10g ae— fe oO Te0l¢ Il 401 99°17z¢ I 
odi2—*de ; 0 el vilie I 67£ Weof— 232 ; ‘ 
x Lee 99-20% 0° 9L0ZE A ft  OLotle 1 0ze ah 4 ocrore = AL & WS ECE 
67 "1 of— 2 8° 9S0ZE (I—) 9g'8Il¢ © 61£ deh —*q $° 8660€ II 401 ¢0°S7z¢ I 
zee fh —*yf ed L'9P6TE I l I¢'6zI¢ I zI¢ J De — "ed L° 6L60€ II $¢ 66°9%Z¢ I 
tin tie 7° 7761€ (0) te tet!e © PIE "Ho — SDs S* OF60E (g¢—) 80° 1eze © 
‘i se a0} 8° L68IE II M09 IL FETE I ah ie Led 9° ZZ60£ Il Use so zeze I 
Zig teed T98LI¢ I ¢ see tf ae an Tao} sozeog =6¢AL 6b AE eete 
Lz fd ek —* 4D Z*O8LIE Il ~ IL’ Sbl¢e I L’ €160€ A Z 88° €E7ZE ¢ 
6 €ZLIE A UF 6Z ISTE I 97z7¢ of e2—* 0 £9060 Il 408 99°bEzE I 
qajd1n uo} eUusIsIg (9BA) a Sse) “yu ‘Vil 99INOS dyn uoljeusisag (9BA) a Ssel-) *yuUyT ‘Vv'l 99INOG 
‘dway ‘dway 











(panurjuoy) A ATAV]E 











HENRY NORRIS RUSSELL 


854 











69¢ deh —* ep L°ELLit (1) ZI €6¢z I oT —*d ed 0° ZS16¢ (1) g¢°Essz I 
PLE fo UiX—* ged L’OLLIt Vv ¢ 6£° 96£Z I fl—*deD 0° 6Z06€ (1) ¢b° 19SZ I 
19¢ i den—*qy b ZILIt Vv ¢ $9° 96£Z I ot—'de0 6 OLL8E (1) 8° 8ZSZ I 
LOE fo UeX —* yf gD 6° 1Z91F y 0Z $8 ° 10bZ I ot—*dw I PLoLle (Z) 0$°969Z l 
99¢ fden—*y ed 9° SEblP Vv OL S9°ZItZ I él—*qw 7° 1$69¢ (1) Lb SOLZ I 
POE ode& —*y S'1ZElt V OZ I1€°61bZ I ese fak—*qep 6° S6E9E Vv $ SL°9PLZ I 
L9¢ fdeX —* yf ed 8° S8ZIF Vv l €Z° 1ZbZ I gs¢ od —*qe O° 1ZLS¢ Vv Ol $9°86LZ I 
gle JAX —* fed 0° €SZIF Vv ¥ €£° €7HZ I L PLgose (¢) 82° Z08Z I 
ZLE dit —*ye0 t LbZIP Vv t 99° £767 I 6S¢ fan—*q9 L°¢99S¢ (1)  S$t°¢08z I 
Tle dex —'de0 l' 1ez1t V ¢ £0° bZ7bZ I OE fA h— fed 1° 6¢9S¢ (¢)  g0°S08Z I 
OLE fA em—tqyw 8° PSlIt (1) T1°6zbZ I gse of — 252 8 OSSE ("T) Le Ztsz I 
7° ZOWF V Z ZZ ZEbZ I LS¢ “Hef — 22 S' 1zsse (¢) LE PI8Z I 

19¢ fden—*qyw 6° P90IF Vv Z €b PEbZ I 9sE cd h—*dep €° PEPSE V St 0¢°178z I 
69¢ deck —'Gen 0° £%60F (Z) 89° TbbzZ ¢ Is¢ odih—*y ed 9° 897S¢ (¢)  $$° PE8zZ I 
69¢ deh —'ded S° 0F60F Vv OL €8° ThbZ I gs¢ ede™—* 19 L’¢1zse (Z) L6°8€8Z I 
s9¢ sé fu *—* 0° 96L0% (1) 9g OS I PSE odin—*q_v P 6LOSE (1) 8° 6b8Z I 
L9¢ odeX —*y ed S° LELOF Vv t 00° #S#Z if €s¢ edik—'qep 9° L88tE Vv I IS* $98Z I 
99¢ fden—*y ed I 1SS0F Vv Z 87° S9bZ I zs¢ odi*—*deD I 8t8bE (1) 92£°398z I 
so¢ fdiX—*qy €° €7S0F (1) 16°99%Z I ere odem—' yd b bOPrE (1) 9£°$06Z I 
FOE deh —*f_D L’ 6£bOF Vv 9 LO’ ZLbZ I ISs¢ odih—*y ed 7 PSErE (¢) 96° L06Z I 
POE det —*f_0 6° 9EF0F (1) 2° ZLbZ I OFF od h—*y ed 0° LOSE (Z) 10° F16z I 
8° SZPOF - Vv t 76° ZLbZ I ose C34 of — SH 2 9° ELZbE ("]) ¢8°916z I 

fl—'d 0 Zz 19¢0F Vv ¢ 88° OLbZ I 6rE of — Sf 92 9° S9ZHE (NJ) ¢€S°L16Z I 

: oe) Vv ¢ (o-aare I Ste 94 3 — 32 6 SOItE (1) £€6°0£6Z I 

I tIE0r LL’ 6LbZ I 1 6806¢ (Z) €9°7£6z I 

0° LSZ0F V Ol 62° £8bZ I Ite dekh —*qep b 8S6ee V St@ 26° €b6Z I 

£9¢ fd eX —*qy0 6° bhZ0F Vv $ $0° $8672 I b L68ee (¢) @2°6b6zZ ° T 
 SLI0F V 9 ST S8bZ I ere odeM—* qed S° €6Le¢ (1) 62° 8$6z I 

ot—*de0 b 9STOF (1) 18°68Z ¢ ehE oldeM—' qed €° 699¢¢ (I) 02°696Z I 

b LElOr Vv + 69° 06%Z I Lee odet—* 19 0° 819¢¢ (I) €£°€26Z I 

S° 6Z10F Vv ¥ 81° 16bZ I Ite o eh —* ed L°8zsee II Woz $9°186z I 

6° 6966€ Vv ¢ €T° 10SZ I Lee fd4—*di9 8° 80SEE Ill 7 7h £867 I 

i aft - ae . : cores Vv &j A west I Zee si 7 mo 6 OOSEE Il Uzi €t'F86z I 

odeX—* dz f I L0° 87SZ I o9—*de ; : 

f1—*qo Z* 18b6¢ (1) oo'zest OFE s0-Go) 8 ccree ft +¢ oFteee I 

19¢ fden—*q 8° LSe6E Voét £0° OFSZ 1 br Ilbee (Z) Zt°%66Z ¢ 
o9¢ éd&—*qyw 9° £b76E (1) 2b LeSZ if ore oA hk —* ep 0° 90%E¢ II wWOz  09°766z I 

VPN voHeusisag (28A)4 = sseiy *yuy ‘WI 20un0g | J2]dIjNP_Y «-UOTZeUsZIsag (298A) 4 = ssBID “Uy ‘YI 204un0Sg 
‘dway *dway 











(panuyjuod) \ ATA], 














ny 
Ve) 
f+) 


ARC SPECTRUM OF NICKEL 








68 odet—'de? 9° S7PSP ¢ £se od 1X —* de? b 97EeP V S¢° LOEZ I 
e'¢—*qi $° LOPSY ¢ LLe oA eM—" fed L°8S7ePV V 96° OTEZ I 
bv 9O87SP ¢ LLe od eM—* fed 6° 7E7EP V be ZTEZ I 
Ose SD —"y ed IT 187s S £°807EP 99° £TeZ I 
88e cd et—*q0 9° 197SP ¢ LLe cd eM— Ff ed £°Z07EP V 86° £TEZ if 
b' SS7SP ¢ 99¢ oo TeM—* 2D O' cher Vv OL LIEZ if 
T8¢ oA et —* ed L’et7sr ¢ 78e odex—*di? 6° ZITEP 8L°STEZ if 
98 ol Ts8— *¥YfeD 8° LO7SP Vv ¢ ose Jo Dek —"y ed 9° 680¢F Vv £0' OZ7EZ if 
L8¢ odeX—*yeD 2° O61SP Vv ¢ O8¢ fF Deh — ty ed b' p90eF V 6£° 1ZE7Z I 
L’SSISt ¢ T8¢ JoAem— ted 8° ESOP 96° 1Z£Z I 
HSE Dek —* ev 7° 9LOSP ¢ £° OvOEP 69° ZZE7Z I 
L8¢ ol dex —* 4 eD 7° 16607 V $ of — "de? 0° vO0LF $9° PZETZ I 
98¢ e484 —* yD 8° 776bF ¢ O8¢ J Det — "yf ed L° 7867 Vv 08° SZEZ T 
sse odeX—'de? S° 608PP Vv ¢ 99¢ of eM — Ff dD 8° $0677 Vv L6° 67£7 if 
£° ILStP ¢ 8L¢e od 1X —* yf eD 0' PL87P Vv OL TEfZ I 
LLE cd e@—* fed 6° b9Shr ¢ 6L¢ fd eX —*deD 6° PLLZV Ol LEeZ T 
T8¢ od eM— Fed T OPStP ¢ 99¢ of TeM—"f oD 8° LOL7V V 6b LEEZ T 
S°SESrr V ¢ 9Lle ode%—'e? 8° T9OLZP 78° LEET if 
b8E Dek —* qed 9° LObtP V if TLe odeX—* de? £°6bL7V Vv OS 8EEZ I 
T8¢ od eM—* ed L'O09¢bP if L9¢ of deX¥ —*"f eP 6° 0797 Vv SS SPET T 
of — He? Tl 9¢¢bP Vv I ple dX —*d4e? 1 1097? V $9 9PETZ I 
Ose J Dek —*f ed 9° FIehr L fle oA eX — "fed 6° P8S7P V eS Lez T 
Ole odeM—* Qed L’OLZPP Vv if OLE dem —* ev 0° £9S7F Vv tL 8PET T 
OLE o de™@—*F 0 6° Th7PF Vv T 69¢ deh —*deD 8° ShP7TP Vv 90° SSEZ T 
Sle od X— "fed $° 907bP Vv I TLZe of UeX¥—* aD 7° 9OLb7F Vv L8°9S€7Z T 
PSE J Dek —* ed 7° OO1PP V L 6L¢ od eX —* oD 7° O8E7F Vv L8°8S€7 T 
LLE od eM — Fy eD 8° 980bF Vv T LLe od eM — Fy ed b'She7F Vv $9 09€7Z T 
£se od 1X —*deD 9° LO0FP Vv if ele fd eX —* fed 0’ £7E7P V 90° 79€Z T 
Ose Deh — 84 ed 7° 6F6EP T 99¢ oo TeM— Ff ed 7° 8S77P 89° S97 T 
7 688EPh V T TLE odeX —* de? £° vLOzP V Z0' 9LE7Z T 
T8¢ cA em—'Ged 8° SOLEF T OLE od em—* QD L°3007% £L° 6LEZ T 
18¢ cd em— Fed £° SsoePr V if Ble od 1*— "4 _D 0° 0661Pf Vv 6L° O8£Z7 T 
ele od eX —* yf eD 0’ SSsoEeFh Vv T LLE od eM@—* yf gD S$ 9Z6I1P V OF’ P8ETZ if 
Ole oo Ue%—*eD b' S6SePr V I 9° ST6IP Vv 720° S8EZ T 
6le od eX —*de? £°OStEY V T 9Le o Te%—* gD 0’ 888IP V 6S 98£Z7 T 
7 SEPer T cle Det —*q O' TL8IP V 99° L8E7Z T 
OLE o Ue®— "gD 8° 80PfF V L6°70Ez =4t4T 69¢ ode —*QeD S°OLLIP Vv 96° 76£7 T 
yajd1Wjn wh uoleusisag (9A) 4 yad14Nw uoljeusisaq (BA) 4 ‘v'l 








(panuyuoy)) A ATAVE 














o Uet— "fe T Of0LP 79° SZ1Z 
$°6L69P 16° L71Z 

of Teh — Ff (D $° 89697 Tv 8Z1Z 
o Ue4—* 0 £° Pe69F 96° 6712 
7° 9169P 8L° OLTZ 

o Uet—* de? 7° S789F £o' HElZ 
o9— "10 1 9T89F bE SEZ 
€°CILoOP 60° OFTZ 

IS — Fed L° 1099% LIU SbIZ 
o det —* 20 9° FPS9F 08° LHIZ 
od et— 74D c° SSP9P £6° TSTZ 
ob—*de0 L°8tv9F £7 TSIZ 

ol deX —*(eD 7° 87E9R €8°LS1Z 
odeX—*(eD 6° LIE9F Te Sstz 
odet—*de0 vb 6S79F vO 19TZ 
o Uet—* (0 £° OST9F ST 99TZ 
€°LElop 9L°99TZ 

9° LLO9F LS’ 6917 

odem—* qo S° £66SP pS ELIZ 
odeX¥—'eD 9° €LOsP 8b LIZ 
9° L68SP 80° 8LIZ 

Jo Uet—* fed T° LO8St 8° 78TZ 
€°O8LSP LE’ €81Z 

oe" —* qo T’SLLSP 16° £812 
0’ IZLSP 6b 9812 

o Ue4—'e0 L’ItLsp 6° 9812 
£°90LSP 07 L81Z 

o Uet—* fe 0° 869SF 09° L817 
odeX—*eD 8° 7H9SP bZ 0612 
o9—*di? 9° 779SF TZ 1612 
ob—'deD c°ST9SP 9S T61Z 
0° 609SP 98° 161Z 

0° PO9ST OT Z61Z 

6° TZSSP 90° 9617 

T9OTSSt ve 9612 

¢°etssp Lv 9617 

Sse o deX¥ —'eD bv v6rSh V 8f° L61Z 


oldeM—*QyD €° €Z7S8h 0Z 0902 
JA et—* Qed €° OIS8F 94° 0902 
SiN — FD b ZLE8P Le* 7907 
den —* qed L’ Lbb8t Ze £907 
odem—'QeD 0° SZP8F 6£° $90Z 
7° 7EE8h S¢* 8907 

oA t— "ed 8° SZE8F 79° 8907 
0 9TE8F $0 6907 

fd —* ev 0° SOE8F ZS 6902 
odi*—*ye0 0° 1hZ8h 97° ZL0Z 
b 98I8F 19° $L0Z 

€° SLI8P 60° $L0Z 
£9—*de0 9° ZSI8P L0°9L02 

6° SZI8F ZZ LL02Z 

FUN —* fed b° S66LF L8° 7807 
1° 996L¥ PI $8072 

o''¢—*q_p 8° LE6LE LE* $807 
oA en —*qy 7 £f6LP LS $807 
I €88L¢ SL° L807 

odem—*qyp O° SS8LF 86° 880Z 
den —* yf oD S°ZS8LP 60° 6807 
fd et — FJ gD I ZZ8LF Zh 0607 
oA et—*Qe 0 £6LLF 69° 1602 
fA en —*qy S$ PILLt €1° $607 
b SOLLY €S° $607 

£9—*y yD b OOLLF SL° $6072 
oden—'qed O'ILPLE 68° SOIZ 
et —* O' IPPLt 1Z° LOIZ 
JA t—*y gD I €8ELP 6L° 601Z 
fA et—* yf eD S O£ELh EL IIIZ 
odin—t*qy I 6LZ7LF eh F1IZ 
oldeM—*y QD L°9O8ILt LS SIZ 
0 6£ILt 1L°071Z 

fh—*ded 8° EZILF OF IZ1Z 
og —'aep 6 FOLLF SZ 7Z1Z 
L°€90LF OL $Z1Z 

F6E odi*—*q €° SPOLF V 08° $Z1Z 


JajdyIN_ voIeUsIsag (OBA) 4 sse[y ey | "YI a01Nn0¢G | Ja]dIQINP_ uoTVeusIseag (BA) 4 Sse) "Y'I 903n0S 
‘dway ‘dway 


aaaq ac 


ny 
— 
x 
A 
=) 
me 
< 
ne 
ne 
=) 
= 
2 
gy 


MWWMMMMMMMMMMMMNMMMMMNMNMMMMNMMMNMNMNNMNMMMNWY 
MMMM M MM MMMM MMMMM MMMM MONM MMMM NMNMNMMNMNMNHMNMNwH 














(panuyuoy) A ATAV 





‘quoysuays Aq J] IN Jo win3j}deds ay} UI painseayy 
‘aay painsvaw se aures 9y3 Ajqeqoid aul jng JUBPJONSIP Sainseaw S,eUld 
“IT IN 4M pusla 
"yayose yy pure Jouxy Aq y1eds ul Ajuo punoy 
*suoljzisod pazoipaid ym A[aso]d 9913 atay Saul] Je[OG 
*s}a[di3[NwW Ul sjuaWUZIsse JUasaid 10} Ju013s OOT, 
*‘pasn Jayieg pue |jepuey Aq Ajisuajzuy 
‘aou0 A[uO punoj ‘[nj3qnop aul] jo aouazsIxy 
"SZ6I ‘96¢ "ON UO11D91;9nJ ‘uojsurysD fo UONNIYSUT a1dauaDy wodj SY}Bua-9AeM ‘wins39eds 4ejos 94} Ul puNnoj pue pazo1paid sour'y 
*syjduaj-aav yy uinayoagS avjos fo ajqv [ Kavutmyasg ‘purl, woy 
“ZI6I ‘SLI ‘9 atd02s0490dS sap yongpunyy ‘sasAey ul ‘Burns 
"ST6I ‘SEE ‘OT D22mINO K DIDStY DJoUDdSY ap poparz0g sapuuy ‘eur 
‘ZI6L ‘SLI ‘9 atdorsosjoadg sap yonqpunyy ‘iashey ul ‘B1aqjasseyzy 
*[elJazeW paysijqnduy ‘alooy ssi 
“6161 ‘SS ‘6% [DUsnos jvI1IsKydoa4js y—AdyIeg pur |jepuey 
‘ZIGI ‘SLI ‘9 atdo2s0u2adg¢ sap yonqpunyzy ‘sasAey ul ‘yayIsepy pure Jouxy 
‘SI6I ‘(#ZE ON) 6F9 ‘HI Spsvpunsg fo nvaang ay fo ssadvg 2Yfyuarrg—ssary pur siad3ay 
"161 ‘SOL ‘EL atydnsdojoyg ayrpjfoyrsuassty anf ifrayrspaz—wweypy 
‘A aqGeL UO sajI0N 


MNO PMNOMm OA D+ # Herts = 





£6¢ o' Te —"f gD 
90% of i— FT gD 


66£ od et—* ed 
L6£ o Ue" —'eD 








79° 9702 
67 6707 
88° 67Z0Z 
9S" £207 
bh E07 
06° FOZ 
L0° S£0Z 
18° 8£0Z 
OL 1h07 
LI 7v07 
lt ¢r07 
Se" LbO7 
08° LF07 
££ SPOT 
b8° OS0Z 
vO ZS0Z 
Sh 7S07 
16° €$0Z 
OS S$S0Z 
76° 6S07 


‘0760S (1) $8°e96I 
“6820S (1) 06°8961 
“ogsos (Nf) L8°9L61 
“POPOS , a 19° 1861 
*PEZOS Nt SZ ° 0661 
“EPlOS (Z) 62° 66! SOF gale — hale 
“T100S (0) £€S° 6661 Loe é de - de 
‘IRA VI 7 o9— Nd e 
det —*eD *1L66F (1) 6 000Z FOP fdim—'den 


od et —* Qe ¢£ 
L 
0 
if 
8 
c 
L 
S$ 

od (R— Fed 0° 8£66P (4)  €8° 1002 
4 
£ 
‘4 
4 
L 
4 
6 
(4 
$ 


oA eh —*y ed 
od et —* ded 
od et ane 6 
od et —* ed 
od 1 M@—*f ed 
od et —*y dD 


MMMM M MWY 


s) 
ce 
Ss) 
~— 
z 
& 
© 
= 
ee) 
RS 
1S) 
a 
yn 
1S) 
Re 
x 


odit—*qep ’ 6086F (4) 10°2002 
fd MN —* fed ‘76L6F (ry) 69° L002 
oA eM —'ed ‘0£96F (ZI) $z°#l0z 
old1*—* Qe? “SLS6F (43) 9€°910Z 
JAN —*f od ‘OSb6F (0) 7z€°tz0z 
78£6r (NO) LE€°#Z0Z 
OSE6F (Ol) O° $Z0Z 
‘OPP (0) ¥8°$z0z 
WAS 7 (1) 1° 970Z 


o9—*de? 


£0P old 1*—'CeP 
ZOE od ct —* yf oD 
76 od t—* yf ed 
76£ od c8—* yf gD 
£6 ol Tet —* fed 
00F odeM—* ed 


odi"— fed 


SHAM NWDOHANWDADPMOOCWDOOMN 
10D 1912121 WN HN HN MMM MMH 


WWMM MOMMOMOMMwY 





JaIdQ[N uojeuUsIsag (BA) a “jul ‘VT 201n0g | Jajdyjnypy uoMeusIsag J sse[y . ‘YJ aIn0S 
‘dway 








(panuyuo)) A ATAVE 




















SEPTEMBER 15, 1929 PHYSICAL REVIEW VOLU ME 34 


ON THE TRANSITION PROBABILITY BETWEEN TWO STATES 
WITH POSITIVE ENERGY IN A CENTRAL FIELD 
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THE INSTITUTE OF PHYSICAL AND CHEMICAL RESEARCH, TOKYO 
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ABSTRACT 


By the aid of the hypergeometric function with two variables, the transition 
probability in the sense of the quantum mechanics between two states with positive 
energy in a central field due to nuclear charge Ne has been calculated. When the 
transition probability calculated is applied to the intensity of continuous x-rays, 
the spectral energy distribution, which is nearly independent of the frequency of the 
radiation emitted, has been obtained. As the result of the present computation, 
the dependence of the intensity for the isochromat J, on the applied voltage V is 
somewhat flatter than the result expected from the law J,~1/V. The isochromat ex- 
periments by Kuhlenkampff for the continuous x-rays emitted from a thin target 
show a good agreement with the values computed here. The polarization and the 
angular intensity distribution of continuous x-rays have been discussed. 


HEN we want to attack the problem of the intensity of continuous 

x-rays by the wave mechanics, we have to calculate the transition 
probablity between two so-called hyperbolic orbits defined by (4:1, ki, m,) 
and (Ee, ke, m2), where FE, and- Ez are positive. The emission spectrum of 
continuous x-rays has been investigated by a number of physicists theo- 
retically! and experimentally.” The special points to be solved theoretically 
are the dependency of the spectral energy distribution of the polarization 
and of the angular intensity distribution for the continuous x-ray spectrum, 
on the velocity of cathode rays, and on the material used as the target. 

The object of the present paper is to compute the transition probability 
between two states with positive energy in a central field due to a nucleus 
of charge Ne, in order to get the relation between the intensity of continuous 
x-rays and the velocity of the cathode ray electrons and the material of the 
target, from which the spectral energy distribution can be obtained. 

With regard to the angular intensity distribution of continuous x-rays, 
even by the classical quantum theory it has been rather hard to solve with- 
out any ambiguity. We should attack this problem by taking Dirac’s idea 
for an electron which encounters a nucleus with the resultant emission of 
radiation, but it seems to be difficult to get a result without some assumption. 
The author would like to leave this problem to be solved in the future. 

2. EMISSION OF CONTINUOUS X-RAY RADIATION FROM AN 
INFINITELY THIN TARGET 

In the case of the continuous x-ray spectrum emitted from an infinitely 
thin target bombarded by cathode rays, we may take the cathode ray electron 

1 A. Sommerfeld, Phys. Zeits. 10, 969 (1909); H. A. Kramers, Phil. Mag. 46, 836 (1923); 
G. Wentzel, Zeits. f. Physik 27, 257 (1924). 


2 Handbuch der Physik, Bd. xxiii, Chapter 4; H. Kuhlenkampff, Ann. d. Physik 69, 548 
(1922); 87, 597 (1928); W. Duane, Proc. Nat. Acad. Sci. 13, 662 (1927); 14, 450 (1928). 
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and the nucelus of an atom in the target as one system. If we may speak 
of a model-like atom, the cathode-ray electron might be assumed to be on 
an hyperbolic orbit whose focus is the nucleus of the atom. The continuous 
spectrum is emitted by the electron’s transition between the two hyperbolic 
orbits. The initial state is given by the applied voltage V for the cathode 
rays—the energy W,=mc*[1/(1 —6,?)? —1]=eV where 8,:=v,/c—and also 
direction relative to the atom. When we use the suffix 1 and 2 for the initial 
and final state respectively, the principle of energy conservation gives 


Wi =hyv+W2+3M?’. (1) 


Since the final momentum of the atom is of the same order of magnitude 
as the momentum of the electron and since its mass M is of the order of 
10* times as great, its kinetic energy }Mv’ will be negligible compared 
with that of the electron. 

From Einstein’s idea, we can generally express*the intensity J of the 
continuous radiation per electron emitted from unit cross section of an in- 
finitely thin target per unit time, by the aid of the transition probability 
A®' between two hyperbolic orbits (EZ; = W:/Rh, ki, m:) and (Eo, ke, m2): 


1=Ny Aj; hv, (2) 


where N, is the number of atoms per unit cross section of the target in the 
initial state at a time ¢=0. So far as we are concerned with the total in- 
tensity without considering a special direction of the observation of the 
radiation, the intensity is given by (2) and the transition probability A? 
between two hyperbolic orbits in an atom of nuclear charge Ne can be cal- 
culated from the matrix element’: 


* Compare the expression for the hydrogen atom, Y. Sugiura, J. d. Physique, 8, 113 (1927). 
The applicability of the matrix element (3) is restricted to the case where c/v is large com- 
pared to the region of space over which the wave functions y differ appreciably from zero. 
When we want to solve the intensity problem of continuous x-rays, since c/» is quite small 
and y’s do not converge to zero very rapidly, we have to take into account the phase variation 
inside of the atom. (I should like to express sincere thanks to the Editors of the Physical 
Review for their kind comments on this point.) Consequently we should have to carry out 
the integral 


Oi.2 —_ f geri Vive*dr 


instead of (3), in order to obtain the retarded coordinates matrix element required in the 
present problem of x-rays, corresponding to the radiation emitted by the transition between 
two states defined by the normalized wave functions y, and ¥2 in the direction of the unit 
vector “, r being the radius vector. We have here to note that we are not treating the per- 
turbation due to radiation in the present calculations, as has been done by A. Rubinowicz 
(Phys. Zeits. 29, 817 (1928); Zeits. f. Physik 53, 267 (1929)). 

Taking the direction of the observation of radiation as the z-axis, and expanding the 
exponential factor exp[— 27iv;,.Z/c] into series, we can easily find that the selection principle for 
k, Ak = +1, does not hold for the second term in the expansion, the corresponding selection 
being Ak =0 or +2. The third and higher terms may be assumed to give very small contribu- 
tion to the sum, Z=Z,+Z.+2Z;+--- , the first term Z, of which and X-, Y-matrix com- 
ponents are the same as those given by (3). Corresponding to the transitions Ak = +1, which 
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Y 


Z/ 8,2; 


x 
0 r 2r 
f f f y U(E,,r)U(E2,r)r'dr 
0 0 0 5 


P7'_,(cos 6) PP? _,(cos 8) sin OdBe'(™—™)¢dg, (3) 





-(S= $)(ko— ean 
4e?*T'( ki +m) 0 (ko+me) 


where 


ip*- 


2a?! 





1 iEl/2 
U(E,p)= E) f ‘ e% (g— G12) K-1-iN EN? (94 j 1/2) k-1+ iN BUA 
—ipl? 


e2*N /BU2(92N / EU? _ 1) 





P(E) = k-1 N? P 
2e2N (2E"/2)2*-2(1(k))® TT (1+) 
WE 


u=1 
p=r/ao, ao=h?/4x*me?, and ki, k2=1,2,3, 


Taking the sum of the matrix amplitudes square, we can express the intensity 
Ix,x, for each k; and ke: 
8r72e*hR® (/v\' 1 ee 
Tykes = No———— (| —) —d 2(X°+¥?+2") ees, (4) 


3mc*ay? \R gk oume 


where gx, = 2k; —1 is the statistical weight of the initial state, and R is the 
Rydberg constant. On the other hand 


d 20 2 
<.. DHL ei ast f ostp*U (Es, )U (Es, ede (5) 
dE» mime 0 

= 07k J* kx ke, 


k being the smaller value of ki; and ky. We obtain therefore the intensity 
of the radiation which lies between v and v+dy 


ral ~) ee ne (< )r dE (6) 
R in sees OO” 
where according to the energy principle (1), E.=E, —v/R. 











give the principal contribution to the Z-component, the matrix elements are equal to those 
calculated by (3), because the second term in the above expansion vanishes for these transitions, 
higher terms being neglected. On the other hand corresponding to the transitions Ak =0, +2, 
the X-, Y- and Z;-components vanish, and, in a first approximation, only the Z:-component 
remains in the matrix element, which is of smaller order of magnitude than the matrix element 
corresponding to the transitions Ak= +1. In a first approximation required here, the matrix 
element (3) may, therefore, give a sufficient result to the present problem. 

Strictly speaking, as will be discussed later in the section 5, regarding the polarization 
and the angular intensity distribution of the continuous x-rays, we ought to apply the Dirac 
relativistic expressions for the wave functions to the present calculations, where the idea 
of retarded matrix element will play a great réle. 
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When we specify the direction of the cathode-ray electron and the direc- 
tion of the observation of the radiation, we have to calculate the square of 
the component of the electric moment in the direction of the observation. 
This problem will be discussed later. 


3. SQUARE OF MATRIX AMPLITUDES FOR CONTINUOUS 
X-Ray SPECTRUM 


In order to calculate the transition probability between two hyperbolic 
orbits (Ei, ki, m:) and (Es, ke, m2), we have to integrate (5) 


= f ao*p*U(Ei,p) U(Ex,p)dp. 
0 


Putting z=iE'/2u in the integral for U(E, p), wecan express U(Ep)by the con- 
fluent hypergeometric function Mx,, as follows: 


i(— 1) k—1—iN / EV2 

















U(E,p)= f(E)(2iE'2)* 

2pay?!2 

. iN iN 

aa =r) 

T(2h) M _iw) wh e—1/2(2iE"p). (7) 
Since 
f “g-i(BNM BAIN pnd y = T(n+ 1) ' 
0 { i(Ey!/2-4+ Eq'/2) } + 
— (— i) bet haem #N (1/ Bt/2+1/ E342) 
oa 1/2) kk—1 1/2) ky—1 

J Sear tereeas f( Es) (Es) (2E."!2) *1(2E,"2) 








( 2E,}/? ) ( 2E,'!? ) SO ( tea) 
E,V2+ E,)/? E,\/2+E,)/2 T'(2ki)T(2k2) E,'? 
r( 1-2 (4 Jn ( 4) 

E,}/2 E,'/2 E,}!? 


iN ‘ iN 
(hb het2,mctm)( bt m) (i+ Et?” ns) 

















ny=0 no=0 (2k1,1)(2ke, M2)(1, 1)(1, M2) 
2Ej1/2 nm 2E,1/2 ns 
yn ee ° 
E\)/?2 + E,}/2 E\/?+ Ey}? 
where the symbol 
T(A+n 
(A, m) = ot 
P(A) 


The above double summation is the hypergeometric function of the second 
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type F.(a, B, B’, y, y’, x, y) with two. variables,‘ whose parameters are given 
by 




















a=k,+k.+2 
B=k,+iN/E,"”, 8’ = ke+iN/E2'!? 
y=2k, y'=2ks 
2E,'/? 2E,}/? 
eae 3 y= : 
E,!/24 E12 E,/2+ Eo"? 
Since 
iN iN Q2eNer®/£'?(1(k))? k-1 N2 
= Poa as 
r( e+ Fil )r (« E}2 ) E1/2(¢2*N/E1/2_ 1) II (1+), k2=1, 
we get 
J=—(—i)hth NIT (kit ko+2)0 (Ri) P (Re) xh y*® 


21 (2k, sheen E,)"!2(Ey)/24 E,!/2)? 


1/2 


a1 N? 
i (1+) (1+ sre) : 
(2 Mi *Fy uo=1 M2" E> Pa( bt bet 2, tn” 
)h/2 


(1 —e—2tN (B32) (4 —e-2tN | B32) 











(9) 








N 
: ? 2s, 2h, 2,9) 
where 
2E,!'/? 2E,'/2 
(Ey1!2- E,!/2) * . ~ (By¥?+4 E2¥?) 
According to the selection principle for k, we have two cases: 
i) hi=k, ke=k+1, 








Regarding 6 and £’, F: is quite symmetrical, so that by interchanging F; 
and E; in J, we can obtain the value of J for the second case from the first. 
Putting ki:=k, ko=k+1, we get® 


iN iN 
F.(2e-+3, b+———» b+ 14+-—— =» 2k,2h+2,2,9) 
Ey" E.Y 


2k—1 
= —F 
(2k+2)(k-1+iN/E,'") dx 











iN 
2 | 2k+2,k—1+ Ein 


1 E.'/2 


ting 


4P. Appell et J. Kampé de Fériet, Fonctions Hypergéométriques et Hypersphériques, 
p. 13, Paris, 1926. 

5 Formulae of the hypergeometric functions with two variables can be found in the book 
by P. Appell, 1. c. 
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2k—1 o» (: 14 iN +1 iN . 
“a (2k+2)(k—1+iN/E,"/?) Ox , E,}/2 E,}/2 
Maes Mee” ) 
, —1,%, 
E,}/2 i-y 
(1— y)-*-1-iv le 
2k+2 
| ‘ _ . iN x \) 
— E,'2 Fy +h? 2 E,}/2 htt 12k, =) 
(k+1+iN/E,'/?) iN iN iN 
s+ is Fy (H+ Et?’ t+l- Tn’ k+2+ Ei?’ > (10) 
x 
2k,x, ) 
L l—y J 


By the aid of the following relations: 


, 


8B B 
EL ITE AEE 2 EKO EE TL Ht OH 
y 


=F ,(a+1 B,8’,y,*,9)—Fi(a,B,B’,y,x,9), 
(y—a)(y+1—a)(y+2—a) 


- 1) »B’,Y, 2,9) = *Fi(a,8,8’, 3,x, 
(y—1)*Fi(a,8,6’ ,v, 2,4) y+ 1)(y-+2) y® F (a,8,B’ ,y+3,2x,y) 





_ (y-a)(r+1-a) 
v(y+1) 
— F,(a,8,6’—3,7,x,9), 





y—a 
yF ,(a, 8,8’ — 1,y+2, x, y) +3—— yF (a, 8,8’ —2,y+1, x, y) 
| 


’ PP set 
F,(a,8,8’ ,8+8 12,9)=(1—9)-°F (a, 8,8+8 =). 
we can reduce the double summation in F, into the sum of the single sum- 


mations F’s, remembering x+y=2 in the present case: 
- 














iN iN ob 2k 
Fe 28+3,h+ pan ht l+— 2k, +2,2,9) 
2k—1)(1 — y)~*- 1 i 2 x 
a M ») F:(«.8,6'7—142, ) 
(2k+2)x I—y 


x 
-F(a-1,8,6',7-1,2, )} 
1-—y/ ) 


(—1)"(2k-1)/ x 





2 
) e~ #N/Eit/2( 4 on y)~ iN CEH 1/ 8/2) 


(2k+2) \i-y 
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(y—a)(y+1—a) 
—1—a)(1—y)F(a,8, 2, : 
Fp (Ora (e847 +2, 29) 
+(y+2—a)F(a—1,8,y+2,xy)} 
1- —a 
- 3( *) *—*— {(y-1-a)(1—y)F(@,B,y+1, 29) 
x J (y—-1)y 
— a )} 
Q _ ” +(y+1 )F ( 1,8,y+1,2xy)} ' (11) 
+ 3(*)— fq-1-a)(1- 9)F(@,8,7429) 
. +(y—a)F(a—1,8,y,xy)} 
hen 3 
- (—) {(1—y)F(a,B,y—1, xy) +F(a—1,8,7-1,29)} 


where 
a=k+iN/E;'?, B=k+1—iN/E,"?, B’=k+1+iN/E,"?, y=2k. 


Putting (11) in (9) and multiplying the complex conjugate, we get the square 
of the integral Jx,-%,41: 








T(R)T(R+1) \? 
Pes 4N7( ) 
T'(2k—1) 
k-1 ay? k as? 
mmr eon Ti (+5) I (+4) 
_ p® 
Exo R)* P-P* (12) 


where a, = N/E,'", ag=N/E?, 
_ (k= iai)(R+1—ia;) § (k—-1—ia:)(1— y)F(k+ Gai, k+1—iay, 2k+2, xy) 
~~ (2k—1)2k(2k+1) Te eee ee ae \ 
- 3( —) (k— ia) (k—1—iai)(1— y)F(k+ tai, R+1— tae, 2k+1, xy) | 
x (2k—1)2k (+(k+1—ia,)F(k—1+ia;,k+1—iae,2k+1, xy) 
+ 3( —*). 1 { (k—1—ia;)(1— y)F(k+ia;, R+1—iae,2k, xy) } 
e* 2k—1 (+(k—ia,)F(k—1+ia;,k+1—iae,2k, xy) 
1-—y\? (1— y)F(k+ia,,k+1—ia2,2k—1, xy) 
Z ( ) +F(k—1+ia;,k+1—ia2,2k—1, xy) 
and P* is the complex conjugate of P. J*;-:,41 can be obtained by inter- 
changing FE, and £, in the expression (12) for J*;,-x,4:. & in both expressions 
for J*;,=%,41 and J*,,.%,;: means the smaller value of k; and k:. Owing to the 
convergency of the hypergeometric function in (12), it is not practical to use 


the expression P (12). When we transform the hypergeometric function 
with the variable xy to that with 1 —xy, by using the following formula: 


I'(y)I'(y—a—B) 
PoBi 112) =F yr apy eet bt i712) 
I'(y)T(a+f8—~7) 


I'(a) IB) 














x 





(1—«)1-*4F (y—a,y—8 ,y+1—a—B,1— x) ’ (13) 
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it is practically sufficient for our purpose to take the first four or five terms 
of the hypergeometric series. We can moreover simplify the expression P in 
the following way: since we have the relations® 
1 eR Gree | 

v(y—1)(1—2) +(y—a)(y—8)aF(a,6,y+1,x) J, 
(y—at+1)F(a—1,8,y+1,x)=y(1—2)F(a,8,7, x) 

— {a—1—(y—)x}F(a,8,y+1,2), 

yF(a—1,8,7,x) =y(1—«)F(a,B,y, x) 
+(y—8)xF(a,8,y+1,x), 


F(a,B,y—1,x)= 





we get 


_F(a,B,y+2, xy) 
(y—1)y(y+1) 





(y+1—a)- { (y—a)(y—1—a)«x—(y—a)(y—2) 


+ (y—1—a) (+1 —B)29— (+18) (1-2) + (+1 -B)(y-)> 


(y-1)7 





{ (y—a)(y—1—a)x—(y—a)(y—2)+(y—1—a)(y+1—8)2y ) 


1 
J -@+1-A)y¥-2=+041-A)y-—)—— +207) — | (14) 








y 1 
Ly +2-8)S+7(7+2)— 
x =* 
where 
a=k+ia,, B=k+1-—iaze, y=2k, 
x= 2E,"!2/(Ey!/2+ E,!/2) , y= 2E,'!?2/(Ey!/2+ E,}!2) ; 
After some elementary calculations we can find easily 
—2a;t Pa 
(y-1)yL y+1 


Putting (13) in (15), and taking into account the following formulae: 


* 


1 
F(a,8,1+2,3)-(1-—) Fla, 8,7+1, 29) |. (15) 





y—a a 
F(a,B,y,x) -——F(a,8,y+1, x) =—F(a+1,8,7+1,x), 
7 7 
F(a,8,7,*)+—F(a+1,B6-+1,7+1,2) =F(a,8+1,7,2), 
i 
(y—a—1)F(a,8,7, x) =(8—a—1)(1—x)F(a+1,8,7, x) +(y—B)F(a+1,6—1,7,2), 


* C, F. Gauss, Werke, Bd. 3, p. 125-162. 
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we get 
2a,I'(2k — 1) T'(1+ i(a2—a;)) 
—_ ee Sepere 
F(k+1+ ia,,k+1—ia2,1—i(ae 





—4a;),1—xy) 
1 

——F(k+1+ ia,,k—iae,1—i(ae 
x 





—a,),1—xy) 
T'(1—i(a2—a1))(1— xy) "ora? 
F(k+1—ia;,k+1+ iae,1+i(a2.—a;),1—xy) 


——F(k+1—ia;,k+ia2,1+i(a2.—a1),1—xy) 
x 


in which the first term and the coefficient of (1 —xy)"@-™ of the second 
are complex conjugate to each other. 


The well known expansion formulae’ for the logarithm of the Gasma- 
function give 


1 x 1+-x 2°. 6 1—Se, 
log T(1-+2) =— | tog—*—tog( ==) b 4 Aas, | alc, 
sin rx 1- ro 60O or +1 


B, 
log T(i+2)= (++—) logx— r+ loge + > tn 


pe (2r-+1)(2r-+2)x2r+1 
where s; is Euler’s constant and s,=1/1"+1/2" 














.. and B,, Be, ... are 
Bernoulli's numbers. Hence, we find from (16) 
T'(2k—1) [tn (17) 
(Rk) (R+1) L wae(az—a;)(1— e727 (42-2) 
{ e~ ila -a +80 —6a (4 + 7B) — ei (laa +la 0a +20)( 4 — 7B) } 
where 


20 =(a2—a;) log — 


Ser+1 
6,=arctan o— —1 git <2, 
x(- )r- c. 


: B, 
=¢ (1 —logo+ > - ) ovine 


 (2r+1)(2r+2)02+2) 4 


| 4 
cone[ HCE) Hh) 


p=l MK 








’ 


F(k+1+ia1,k+1—iae,1—i(a.—a;) ,1—<xy) 


1 : 
——F(k+1+ia1, k—iaz, 1—i(a2—a;), 1—-xy) 
Xx 


7 N. Nielsen, Handbuch der Theorie der Gammafunktion, p. 38 and 208 
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Multiplying P by its complex conjugate, we obtain 


P pt= ( T'(2k—1) yee 
= (RA) T(R+1) 2(d2—a;)(1—e~2* (42-4) 








(A sinO—B cos @)?, (18) 


where — 
0 =04,-a,t+90,—90, +0. 


Putting (18) in (12), we get the square-of the integral required for the case 








ko=ki +1: 
b—1 a; k a? i 
27NE\E II (145) II (145) = 
. = 12 o, =! p= 
Tenn! — eee Ey 1— etree 


(A sin O—B cos @)?. 
Similarly the square of the integral for the case ki} =k2+1 becomes 
k a;? k—1 a? 
1+— 1+") 20 
2'’NE,E2 ( e ( 5) I ( hu? 2m) 
xy 
a(v/R)*(E,)/2+ Eo!/2) » 1 —e—27(4:-4)) 
(A’ sin @—B’ cos )?, 








J ymke$1 oat 


where 
k . k-1 . =" 
sears H(-8) HH (4) 
p= 1 fos p=l M 
beiaieiedidieectdeieitinesiatl i(a2—4a,),1—-*xy) 
1 
| ——F(k+ ia, k+1—ia2,1—i(a2—a;),1—xy) 
¥ 
k—-1 ; k : -1 
-[ M0-7) O47) 
p= 1 Mb p= M 
k — ide ) 


. F(k+1+ ia:,k+1—iaz,1—i(a2—a;),1—xy) 


— 10) 











eee ae ee 
\ y ) 
In these expressions (19) and (20) k means the smaller values of k; and ke. 
The hypergeometric series to be computed numerically is F(k+1+%a, 
k+1 —tiae, 1 —i(a, —a;), 1 —xy) and F(k+1+%a;, k —iae, 1 —i(a2 —a;), 1 —xy). 
They converge fairly rapidly in the region in which we are interested (see 
the next section). 

Before entering into the details of the spectral energy distribution, we 
shall here study the two limiting cases: 


i) s=y=1, E\=E, 
ii) x=2, y=0 E.=0. 














868 Y. SUGIURA 


In the first case, since E;=E, —v/R, there is no radiation, but even in this 
Ek: 


case the transition probability A ;° can exist. From (12) we obtain in 
this limiting case 


_ (k—ia)(k+1—ia)(k+2— ia) 
re (2k—1)2k(2k+1) 





F(k—1+ia,k+1—ia,2k+2,1), 








and since ar ' 
I'(y)l'(y-a—B 
F yY1= R(y-a-— 0, 
(a,B,¥ ) T'(y—a)I'(y—8) (y Qa B)> 
- T'(2k—1)(k—ia) 
~ (k+1—1a)P(k+1+4+ ia) 
Hence 


* 





_ Ex(k?+a")/ T(2k—1) ) e?*4(1 —e-2*2)?2 


(2eN)? \(r(k+1)) i (: +“)] 


Putting this expression in (12), we get 





2 = 21 
J nanan (21) 
which is independent of k and the atomic number N. As the transition 
probability A 2 we have 
Eihy_ 8re?R°E, k k=k, for ki<ks, (22) 
-_ 3mc*r? 2ki—1 : k=kp for ky>ke. 


In the second case, the applied energy E; is consumed totally in the emission 
of the radiation v/R. By the aid of the following relations: 


F\(a,B,B’ ,y,«,x)=F(a,B+f’ ,y, x) =F(B+8' ,a,7, x) 
Flet1,B,7,3)=— Fla, B+1, 7, )+°—-F(a,8,7,9), 
F(a+1,8,7,x)—F(a,B,y,x) = Fatt b+1.+1,2), 
F(a,B,2,2)=(1—2)-, 


we get from (11) 


iN iN 
lim Fa(2k-+3,4-4+—— Ana xT Ss 2k, 2k-+2,2,9) 
= [F(2k+3,k+ia,2k,x)] 2 
(—§)Stig-ve . , . 24 2\(7 
= maceeees (EEE 14-59 38) +<a?)(ia) 
_.y_ 4ia(3k+1—a*)(—1)*1e-*4 
—(k—ia)(k+1—ia)(k+2—ia) } = 2k(2k+1)(2k+2) | 
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Therefore from (9) 
T'(k)e~*8/22(3k+1—2N?2/Ej) 


lim J? gynk 4:1 = (— 1) *+1(22)2*+2N H+? 








E,=0 T'(2k+2)(E,1/2) *+5 
k—-1 N?2 1/2 
II (1+ ) 
w=1 rE, 





1—e-2*N/E 2 


from which 


, T(k) \? 
lim J?,.2%,4.1 = 24*+4N24+4 


k-1 
e~2*N/E "(32+ 1 —2N2/E,)? [](1+N2/u2Es) 
p=l 





(v/R)*E,*+(1 — e~2*N/E 2) 
Similarly starting from (10), in the case where ki =k.+1, 
lim F2(2k+3,k+1+ ia, k+ iae,2k+2,2k,x,y) 

















E,=0 
lim ——F,(2k, k—2++ia, k-+ ios, 2k—1, 2k, 2,9) oe 

= im = tdi, 1d2,4k—1, »x,¥ , 
2a , : (2k, 3)(k—2-+ia1,3) - 
_ ' ; ; x | Seat. siete 

= lim Fi(k-2++ias,k—ion, A+ ian, 21,2, ) . 
E,=0 0x8 1—y/ (2k+2)(k—2+ iay, 3) 

1 a 3 

= - —Fl2k, k-2+-ias,2¢—1,2) | 

(2k+2)(k—2+ iai,3) L ax? - 


; cs L ~~ —ia 
7 (2k+2)(k—2+ ia, 3) | pat (b-2+ iar)(1—2) k+1—ia, 








+(k+1—ia,)(1 — x)~*+2-ia,} | 
: (—1)*+2 2iaye-*™% oud 
i 2k+2 


Putting this expression in (9) and multiplying the complex conjugate, we 
get 





k 
e-2N B® TT(14+-N2/u2E;) 


T(k+1)\? A. 
lim JP pigus= 20N2 ( et ’) u=1 | (7m) 
E,=0 T'(2k) (v/R)*E,*(1— e729 /2 1") 





In the region intermediate between these limiting cases i) and ii), it is 
not easy to get a simple formula for the square of matrix amplitudes. We 
will evaluate the values of J? for each special »/R by taking some definite 
numerical values of E;, Es, 1, ke and special elements for the target, by the 
aid of the expressions (19) and (20). 
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4. SPECTRAL ENERGY DISTRIBUTION OF CONTINUOUS 
X-RAY SPECTRUM. 


Since the intensity of the radiation which lies between » and »+dy 
is given by (6) or 


Id > { : (=) Oo. (=) \a (25) 
=const. ——|[ — ——|( — - : 
‘ Sin-ates “"aeiaes os 
the effect of the atomic number N of the element of the target and of the 
velocity of the cathode ray election defined by £, on the intensity is so com- 
plicated, that we cannot see easily its general features, unless we put numer- 
ical values for EZ, and »/R in (19) and (20) and sum them over all possible k. 
As an example, we will take Zn(N =30) as the target and apply 12.16 
kV to the cathode rays. We have then 


E,=W,/Rh=900, 8,=0.2145, a,=N/E,'/?=1, 


As shown in the following tables, the convergency of Jdv with & is fairly 
rapid. Moreover, since the values of 1 —xy are so small, it is quite sufficient 
to take the first five or six terms of the hypergeometric functions in A, B, 
A’ and B’, in order to get the sufficient accuracy required here. 


TABLE I. Zn, 12.16 kV. 















































»/R 800 675 500 275 
E,2 10 15 20 25 
a,= N/E"? 3 2 1.5 1.2 
1—xy 1/4 1/9 1/25 1/121 
sin® — .16024 — .35759 — .40927 — .32780 
cos @ .98708 93388 .91237 94475 
TABLE II 
k=1 
A 35381 16825 11025 04651 
B — .11373 — .13126 — .09289 — .04496 
A’ — .09798 — .13681 — .07030 — .03826 
B’ — .41525 —.18549 —.10510 — .04588 
k=2 
A , 33742 .17768 09421 .03813 
B — .06302 — .08070 — .05231 — .02149 
A’ —.11979 — .08540 — .05254 — .02866 
B’ — .08138 — .03570 — .02469 — .01406 
k=3 
A 57443 . 24856 10559 .03730 
B — .09502 — .09238 — .05092 — .01664 
A’ —.10757 — .06408 — .04197 — .02383 
B’ — .01422 — .00017 — .00458 — .00561 
k=4 
A 1.29837 .4055 1312 .0388 
B —.21124 —.1561 — .06031 — .01545 
A’ — .10464 — .06175 — .03717 —.02112 


B’ -01027 .01216 -00392 — .00183 
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By the expansion formulae of 6, (17) we can calculate the values of 0 
for given v/R and £,, which are given in Table I. By the aid of (19) and 
(20) we obtain the values of A, B, A’ and B’ for given k, x, y, which are given 
in Table II for R=1, 2, 3, 4. The following table gives the values of 


2 


k-1 2 “2 b 
(xy)2* T] (145 )(1+5) t+) (A sin @—B cos @)? 
mM 


p=l p? 2k-1 

















TABLE III 
k v/R=800 675 500 275 
1 0.0856 0.0414 0.0142 0.00383 
2 .0324 .0139 .0058 .00147 
3 .0053 -0033 .0022 .00071 
4 .0004 .0009 .0008 .00038 
5 .0001 .0003 .0003 .00019 
6 .0001 .0001 .00010 
7 .00005 
k>7 -00006 
ze .1238 .0599 .0234 .00679 
Multiplying 
NE,E,2 





(x) (Ex"!2-4 Ey!!2)(1—e-2#es- 40) 


by these values (Table III) , we get the intensity measures for different 
frequencies: 


TABLE IV. Intensity measures for different frequencies. 


= 


v/R 900 800 675 500 275 


rv/RY Af k k 10.442 10.449 10.455 10.565 10.589 
‘ _ : ; 
3 > (547 be tt TF Pate) 

















In Table IV the value for v/R=900 is computed by (23) and (24). 
As shown in the table we get a spectral energy distribution which is nearly 
independent of the frequency » of the radiation. This result agrees with the 
classical quantum theoretical result of Kramers® for an infinitely thin target. 

When we take into account the thickness of the target, the problem 
becomes very complicated. We have in this case to consider the stopping 
of swiftly moving electrons through matter (something like Thomson- 
Whiddington law), the absorption of emitted rays in the target, the deflection 
of electrons during its passage in the target and so on. There is, however, 


8H. A. Kramers, reference 1. 








872 Y. SUGIURA 


still no quantum mechanical theory on the stopping of swiftly moving elec- 
trons through matter, corresponding to the Thomson-Whiddington law. 
We will not enter here into these complicated problems. Since we have now 
sufficient experimental data’ for the continuous x-ray spectrum emitted 
from a thin target, we will be satisfied with the transition probability be- 
tween two states with positive energy in an atom: ~ 

As shown in the computed results described already, the spectral energy 
distribution is nearly independent of the frequency of the radiation emitted 
from an infinitely thin target. We can therefore discuss the dependency of 
intensity of the continuous radiation on the atomic number and on the vel- 
ocity of the cathode ray electrons by taking the limiting case, where the ap- 
plied energy is totally consumed in the emission of the radiation v/R=,. 
From (23) and (24), taking the expression of the intensity (25), we get. 











Sx2c2thR? 4N%e-2re = some il ( “*) 
I,dv=N ff oe Meio bbicee 
ee i De( T(2k) Witt, - 
1 pee), = ha 
2k—-1\ k(2k-+1) —= me 
where 
a= N/E," 


In order to find the dependency of the intensity of the continuous x-rays 
on the applied voltage, and to compare the computed results with those 
obtained experimentally by Kuhlenkampff!® we will take Al (N=13) as 
the target. In the case of the alminum target, the values of J,/CN*, where 
C=No 32n°e*hR*/3mc, corresponding to several values of a, which is re- 
lated with the applied voltage by the relations: a= N/E,'*, and E,=eV/Rh, 
are given in Tab'e V. 


TABLE V. Al (N=13) 











a I,/CN? E,=eV/Rh V (in kV) 
1/4 0.1334 2704 36.53 
5/19 0.1380 2440 .36 32.97 
2/7 0.1460 2070.25 27.97 
1/3 0.1604 1521 20.55 
1/2 0.1856 676 9.13 
2/3 0.1749 380.25 5.14 
1 0.1184 169 2.28 
3/2 0.0661 75.11 1.01 
2 0.0381 42.25 








Taking Kuhlenkampff’s empirical formula 
I,=CN(vo—v) 
and the Thomson-Whiddington law, we get the isochromat as hyperbola 
I,~1/V for the continuous radiation emitted from an infinitely thin target. 


*H. Kuhlenkampff, reference 2. 
10H. Kuhlenkampff, Ann. d. Phys. 87, 597 (1928). 
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The experiment shows, however, that the steepness of the curve /,(V) de- 
pends on the direction of emission in such a way as the isochromat for 90° 
is the steepest which is still flatter than the hyperbola1/V. In Figure 1, the 
curve I represents the calculated intensity values J, (in certain scale) given 
in Table V, curve Ifthe observed values (Kuhlenkampff) for the radia- 
tion filtered by Zr $n the azimuthal angle 90° and curve III the values 
expected from the 1/V law. The sudden fall of the experimental curve at 
V=20 kV is due to the K-absorption of Zr whose head is at \=0.687A 
or about 18 kV. Although we cannot, from the present calculations, speak 
of the dependency of the isochromat on the azimuthal angle, the calculated 
results are, as shown in the figure, better in agreement with the experimental 
than those derived from the 1/V law. 
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Fig. 1. 


The dependency of the intensity on the atomic number N of the element 
of the target is not simple. Since the number of atoms per unit area No 
is very roughly proprotional to 1/N, and since the computation gives J,/C~N? 
approximately, we find J,~N. 

Finally we shall note that the isochromat for any element of the target 
can be computed from the values of J,/CN? given in the second column of 
Table V, as the function of the applied voltage which is related to a by 
the formulae: a= N/E,"? and E,=eV/RhA. 


5. PoLARIZATION AND ANGULAR INTENSITY DISTRIBUTION 
oF CONTINUOUS X-RAYS 


When we assume the cathode ray electron and the nucleus as one system 
and take the quantum mechanical expression for the so-called hyperbolic 
orbit, whose angular part is P,”,(cos@)e*"*, we cannot define the direction 
of the cathode ray electron. In reality, however, the cathode ray has its 
definite direction, and at a great distance from the nucleus it ought to be a 
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plane wave which has a definite direction of propagation. So far as we were 
concerned with the problem of the total energy of radiation emitted from an 
atom, it was not necessary to consider the direction of the cathode ray 
electron. The intensity expression obtained in the previous section represents 
the intensity of the continuous radiation emitted from an atom orientated 
at random, or in other words the mean integral intensity for the whole 
space, just as for the intensity of a spectral line in the usual sense. When we 
want to find out the angular intensity distribution and the polarisation of 
the radiation, we have to take intoaccount the initial direction of the cathode 
ray electron. 

Taking the initial direction of the cathode ray electron as the z-axis, we 
have the wave function" for the initial state 


1 = e**G(ia,,1, kin) 


2xmv, £'/? 
i= = > a= 


- : one n=r(1—cos 0)=r—z, (27) 
0 1 








where 
, , = (iai,m) , 
G(ia,,1,ikim)= i 7 ———el ing)? , 
n=0 { (1 ? n) } 
n being the parabolic coordinate, in which the waves associated with ‘the 
electron have a symmetry about the z-axis. The asymptotic expression for 
large r of the wave function is given by 


eik2—ia,logk,(r—z)—ra,/2 oo { (ia ,m) } #/ 1 y 

T'(1— ia) n=0 (1,2) \ kin . 
where (A, m) =I'(A+m)/T(A). The wave function for the final state, which 
might be perturbed by the radiation emitted by the encounter of the electron 
with the nucleus, is to be that corresponding to the modified wave scattered 
by the bare nucleus and associated with the electron which now has less 


energy than the initial by an amount fv. The unmodified scattered wave 
has the wave function expressed asymptotically by 


eiksrtia,logk,(r—z)—ra,/2 tie T2k fa) 
ikonl (ide) n=0 (1 sn) \ kon 


Even if we could apply (28) and (29) to the problem of the emission of 
continuous x-rays, after taking the matrix elements by integrating 


X 
| .f8. 
” y v0" dr 


Y> 
z) E,,E: 

for the whole space, we cannot get the intensity formula for the angular 

distribution. We may hope ‘to solve the problem of the angular intensity 


1G. Temple, Roy. Soc. Proc., Al21, 673 (1928). 
12 The function G(a, y, x) has been studied by Kummer, Jour. reine u. angew. Math. 15, 
139 (1836). 





yi~ . (28) 





(29) 





¥2™ 
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distribution, either by assuming some light emission process in a similar 
way to the classical theory of Sommerfeld,“ or by carrying out the per- 
turbation of the scattered electron by the radiation emitted. In the present 
state of the quantum mechanics, however, we cannot say anything about 
the light emission process regarding time and space. It is an important 
point of the quantum mechanics, that we do not need to assume any other 
light emission process than the matrix elements grm=/qvam*dr to get 
a right answer for the intensity problem.“ In the case of the continuous 
x-rays also the matrix elements should give a reasonable solution of the 
angular intensity distribution problem, when we take correct wave functions 
for the initial and final states. 

After some elementary calculations we can get the wave functions 
which are physically admissible for the initial and the final states in the 
following integral forms: 


; (e724, _— 1) 00 , ; , 
nla = sees f u-lie(ikin+u)-iterdu, (30) 
Tt 0 


—2ra,— ] 2 
ed | (— u)—**2(ikon—u)—!t+ie2e-“du (31) 
0 


which are not normalised. We will not here enter into the detail of the 
calculation of the matrix elements by (30) and (31), but we can see that 
the radiation emitted in this way is perfectly polarised. When polarised 
light is emitted, it is natural to take into account the perturbation of the 
final state by the polarised radiation emitted, just in the same way as 
in the case of photo-electrons. We should, therefore, take different wave 
functions of the final state for the different direction of the observation 
of radiation, or in other words the expression for the wave function of 
the final state contains the angle between the initial direction of the cathode 
rays and that of the observation of the radiation. We may hope that one 
can get, by this method of calculation, the angular intensity distribution, 
but it seems to be very complicated to carry out a rigorous calculation. 


13 | should like to express here many thanks to Prof. A. Sommerfeld for his kindness in 
showing me his paper before publication (Nat. Acad. Washington). In this paper he has 
taken the classical idea of the stopping process for the light emission, and has taken the arith- 
metical mean velocity during the emission process. I am afraid, however, that the standpoint 
of his theory is rather unsatisfactory from the point of view of the quantum mechanics. In 
spite of this, he has obtained results in a very good agreement with the experimental values 
of Kuhlenkampff. I hope to see his discussion on this very point, which will be published in 
the near future in Ann. d. Phys. 

44 When we calculate the retarded coordinate matrix elements, where the direction of 
cathode rays is specified, we can get a right answer for the angular intensity distribution. 
Without either the Sommerfeld’s classical assumption for the light emission process or the 
calculation of the pertubation stated here, I could get the angular factor 


v+0 ; 
sin? / (1 * “cos ), 
2¢ 


which is just the same as Sommerfeld’s (Proc. Nat. Acad. Sci. 15, 393 (1929) ). (Note 
added in proof.) 
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ABSTRACT 


The conception of random positive ion velocities corresponding to ion tempera- 
tures in a plasma has serious theoretical difficulties and is lacking in direct experi- 
mental verification. It is more reasonable to assume that each ion starts from rest and 
subsequently possesses only the velocity which it acquires by falling through a static 
electric field which is itself maintained by the balance of electron and ion charges. 
This new viewpoint thus ascribes motions to the positive ions which, for long free 
paths, are ordered rather than chaotic, each negative body in contact with the discharge 
collecting ions from a definite region of the plasma and from it only. The resulting 
integral equations for the plasma-sheath potential distribution have been set up for 
plane, cylindrical, and spherical plasmas, for long, short and intermediate length ion 
free paths, and for both constant rate of ionization throughout the plasma and rate 
proportional to electron density, and these equations have been solved for the 
potential distribution in the plasma in all important cases. The case of short ion free 
paths in a cylinder with ion generation proportional to electron density gives the same 
potential distribution as found for the positive column by Schottky using his ambi- 
polar diffusion theory, with the advantages that ambipolarity and quasineutrality 
need not appear as postulates. The calculated potential distribution agrees with 
that found experimentally. The potential difference between center and edge of 
plasma approximates T,./11,600 volts in all long ion free path cases. The theory 
yields two equations. One, the ion current equation, simply equates the total number 
of ions reaching the discharge tube wall to the total number of ions generated in the 
plasma, but it affords a new method of calculating the density of ionization. The 
second, the plasma balance equation, relates rate of ion generation, discharge tube 
diameter (in the cylindrical case), and electron temperature. It can be used to calcu- 
late the rate of ion generation, the resulting values checking (to order of magnitude) 
those calculated from one-stage ionization probabilities. The potential difference 
between the center of the plasma and a non-conducting bounding wall as calculated 
from the ion current equation agrees with that found experimentally. 

The solution of the general plasma-sheath equation has been extended into the 
sheath surrounding the plasma to determine the first order correction which is to be 
subtracted from the discharge tube radius to obtain the plasma radius. The wall 
sheath in the positive column is several times the thickness given by the simple space 
charge equation. 

Actually the ions do not start from rest when formed but have small random 
velocities corresponding to the gas temperature, T,. In the long ion free path cases 
this leads to an error of the order of only T,/T, in the calculated potential distribu- 
tions. 

In the plasma surrounding a fine negatively charged probe wire the potential 
difference between plasma potential maximum and sheath edge may be so small that 
the ions generated within the plasma potential maximum are not trapped but can 
traverse the maximum by virtue of their finite initial velocities. This justifies the use 
of a sufficiently fine negatively charged wire in the usual way to measure positive ion 
concentrations, although certain difficulties appear which are thought to be connected 
with the collector theory rather than the present plasma theory. 
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A positively charged cylindrical probe collects electrons in the same manner as 
previously supposed, except that the sheath about it is considerably thickened by the 
presence of ions generated in the sheath. 

The plasma balance equation completes the number of relations needed to de- 
termine completely the conditions in a positive column. Taking the arc current as 
the independent arc variable, the five dependent variables are axial electric field, 
density of ionization, electron temperature, positive ion current to the wall, and the 
rate of generation of positive ions. The five relations which determine them are the 
plasma balance equation, the ion current equation, an ion generation equation, a 
mobility equation, and an energy balance equation. The essential nature of these rela- 
tions is recognized even though present knowledge is insufficient to complete all of 
them. 

Stability in the positive column has not been considered. The possibility exists 
that instability of one type or another may lead to the oscillations which can occur 
in an arc. 


List oF SYMBOLS 


It has been thought advisable to give below a list of the symbols used in the present paper 
together with their meanings and a reference to the place of their first appearance in the body 
of the article. The occasional duplication of symbols will, it is thought, not lead to confusion. 


A Coefficient of A,2n; Eq. (58) 
A Area of probe electrode; Eq. (87) 
A’ Coefficient of A,?n, (similar to A); Eq. (79) 
a Discharge tube radius, maximum value of r in plasma. 
do, @;, etc. Numerical coefficients; Eq. (17) 
B Numerical coefficient; Eq. (80) 
4 Numerical coefficient; Eq. (80) 
Cc As in “Case CLX” indicates cylindrical plasma; Table II 
D Ion-into-gas diffusion constant; Eq. (27) 
e Electronic charge; Eq. (1) 
tr Defined by Eq. (93) 
H,, He Integrals; following Eq. (80) 
ho Numerical plasma constant; Eqs. (51) and (53) 
| a Random electron current density at tube wall; following Eq. (55) 
Ip Positive ion current density, random; Eqs. (1), (87), and (88) 
at discharge tube wall; Eq. (49) 
ip Arc current; Eq. (97) 
te, tp Electron, positive ion currents to probe; Eq. (87) 
J N, when N, is constant; Eq. (24) 
J As in “Case CLJ” denotes that N, is constant; Table II 
Jo Bessel Function of zero order; Table IId 
k Boltzmann constant; Eq. (1) 
L As in “Case CLX” indicates long ion free paths; Table II 
Land M-S Refers to I. Langmuir and H. M. Mott-Smith, Jr. articles; Footnote (1) 
l, Mean free path of electrons; Eq. (96) 
l, Mean free path of gas molecules. 
ly Mean free path of positive ions. 
M As in “Case CMX” indicates “medium” ion free paths; Table II 
M.D. Maxwell Distribution. 
Me Mass of electron; Eq. (1) 
Mp Mass of positive ion; Eq. (1) 
N Number of electrons per cm length of arc; Eq. (97) 
N, Number of ions generated cm~*-sec™ at 2; Eq. (2) 
Ne Electron density; Eq. (3) 


No Electron density at plasma potential maximum; Eq. (3) 
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Positive ion density; 

Electron density at z; 

Number of ions formed per electron per cm of path; 
As in “Case PLJ” indicates plane plasma; 
Term number in a power series; 

Gas pressure in baryes; 

Ion mobility per unit charge; 

Dimensionless length parameter; 

Ion mobility factor; 

Distance in plasma; 

Value of s at plasma potential maximum; 

As in “Case SLX” indicates spherical plasma; 
As in “Case PSX” indicates short ion free paths; 
Dimensionless length parameter; 

Abbreviation for ds/dn. 

Abbreviation for d*s/d7’. 

tr = sns/anay which dn/ds= ~, 
Value of s; 

Dimensionless length parameter; 
Value of s at sheath edge; 
Electron temperature; 

Gas temperature; 

Positive ion temperature; 


Space potential at r relative to plasma potential maximum. 


Ionization potentiai of gas; 

Wall potential with respect to plasma potential maximum. 
Space potential at z; 

=v, when », is independent of z; 

Average thermal velocity of gas molecules. 

Average thermal velocity of electrons; 


final | , —— 
Component of average initial ptomy of ion in free path; 


Mean ion drift velocity; 

Velocity at r of ion generated at z; 

Potential equivalent of electron velocity; 
kT./e; 

Potential gradient drawing ions toward sheath. 
Length unit; 

Longitudinal potential gradient in positive column; 
Distance in plasma; 

Factor for transforming variables; 

Defined by; 

Geometrical parameter; 
Probability-of-ionization constant; 

S—So; 

n—N0; 

So — Sp; 

m— Np; 

Base of natural logarithms. 

Potential parameter, 7'/2/S; 

—eV/kT.. . 

Value of 7 for which dn/ds= ~. 

Mean value of no—7; 

n—ngotN¢- 
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Eq. (2) 
Eq. (8) 
Eq. (91) 
Table II 
following Eq. (17) 
Eq. (91) 
Eq. (29) 
Eq. (79) 
Eq. (35) 
Eq. (2) 
Eq. (82) 
Table II 
Table II 
Eq. (10) 


Fig. 7 

Eq. (11) 
preceding Eq. (62) 
Eq. (3) 

Eq. (27) 

Eq. (1) 


Eq. (91) 


Eq. (7) 
Eq. (27) 


Eq. (96) 
preceding Eq. (35) 


preceding Eq. (57) 
Eq. (2) 

Eq. (91) 

Eq. (71) 


defined by Eq. (71) 
Eq. (97) 
Eq. (2) 
Eq. (10) 
Eq. (94) 
Eq. (2) 
Eq. (91) 
Eq. (63) 
Eq. (63) 
Eq. (66) 
Eq. (66) 


Eq. (83) 


Footnote (19) 
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Ns —eV./kT.. 
Nw —eVy/kT.; Eq. (56) 
Ne Value of » at sheath edge; preceding Eq. (62) 
Ne Mean value of ng—7; Footnote (19) 
0 Integration parameter; Eq. (15) 
d Number of ions generated per electron per sec; Eq. (8) 
r As in “Case CLX” indicates generation of ions proportional to electron 

density; Table II 
ue —eV/kT,; Eq. (79) 
Me Electron mobility; Eq. (96) 
Me —eV,/kT>; Eq. (79) 
é Distance parameter in sheath; Eq. (70) 
p Fractional part of tube radius occupied by sheath; Eq. (77) 
p Integration parameter; Eq. (15) 
Pe Electron reflection coefficient; Eq. (56) 
Pz Integration parameter; Eq. (15) 
= Constant slope of i, vs. V or i2 vs. V plot; Eq. (88) 
o Distance parameter, s/S; Eq. (83) 
T T,/T-. (Section V only). 
T Mean free time of positive ions. 
¢ Arbitrary fraction; Eq. (61) 


I. INTRODUCTION 


HERE is a large amount of evidence to show that the vast majority 
of free electrons in the plasma of a gaseous discharge possess velocities 
distributed according to the Maxwell Distribution Law (hereafter “M. D.”). 
The temperatures to which these velocity distributions correspond lie roughly 
in the range between 5000 and 70,000°K. The method for measuring these 
temperatures need not be gone into' beyond mentioning that it depends on 
the Boltzmann density distribution which the electrons assume in the sheath 
about a negatively charged collector. The validity of the method hinges, 
first, on the confinement of the electrode potential changes to a sheath about 
the electrode, and second, to the smallness of changes in sheath cross-section 
or volume compared to the whole cross-section or volume of the plasma. 
No such direct measurements on the positive ions are possible for vaiious 
reasons. The most direct evidence that the ions possess considerable veloc- 
ities lies in the saturation current to a collector at negative voltages. It 
has been reasoned that since the potential difference between plasma and 
electrode is confined to the sheath, only those ions will be collected which 
are headed for the sheath edge anyway. The random ion current density/, 
in the discharge can then be found by dividing the observed saturation cur- 
rent by the sheath area. The ion density is equal to the electron density, 
n, in the field-free plasma. On the assumption that the velocities are dis- 
tributed according to the M. D. Law, but only over one hemisphere since 
no ions leave the collector, kinetic theory gives 


T ,'!2 = (2em,/k)"!2I p/2en,=2.02X 10"*(I,/n.)(m,/m,)"!2 (1) 


17. Langmuir and H. M. Mott-Smith, Jr., General Electric Review 27, 449, 538, 616, 
762, 810 (1924). Hereafter these articles will be referred to as “L and M—S, Part I, etc., to 
Part V,” respectively. 
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A saturation electron current at small positive voltages on the same collector 
can be observed if the collector area is not too great. This can be treated in 
the same way, giving? 


T '/2=4.03X10"7./ne. 
Combining the two it is found that 
T ,/T ¢=(Ip/21 .)*m,/m,. 


In a typical set of measurements made on a mercury arc’ the average value 
of I./], was 405+25. For mercury m,/m.=3.678 X105, whence it would 
follow that 7,/7T.=0.55. It seems entirely unreasonable, however, that the 
ion energy should even approach the electron energy in view of the fact 
that it is the electrons primarily which supply energy to the rest of the plasma 
and the positive ions with their large relative mass and frequent impact 
with slow atoms are not adapted to acquiring large random kinetic energies. 

But evidence in favor of a large random ion current is found in another 
experiment. When two equal plane electrodes, back to back and insulated 
from each other, are placed in the positive column of a discharge so that one 
electrode faces the anode, the other the cathode, the two electrodes receive 
comparable ion currents even though to reach one of the electrodes the ions 
must flow toward the anode. A similar conclusion offers itself in the related 
experiment in which the sheaths on a spherical electrode immersed in a 
positive column are seen to be of equal thickness on cathode and anode sides.‘ 

There is other evidence also. Experiments in which a double electrode 
is used, the electrode facing the discharge being pierced with fine holes,° 
give ion temperatures of several thousand degrees. But how accurately 
Maxwel’’an these results show the velocity distribution to be is somewhat 
doubtful. 

Although all this evidence points to the possession of considerable 
velocities by the positive ions, and the concept of a random velocity 
distribution among the positive ions has been a generally useful one in 
explaining a multitude of observations, there has been no convincing deter- 
mination of the velocity distribution, and the hypothesis of large random 
velocities has grave theoretical difficulties to overcome.® A further difficulty 
crops up as soon as the attempt is made to join the sheath to the plasma, that 
is, to investigate theoretically the nature of the sheath edge.’ In quite general 
terms the perplexity is this. Consider two nearby points in the discharge, one 
just inside the sheath about a negatively charged electrode and one just outside 


? There appears to be some justification for using 4.03 in the equation pertaining to elec- 
trons as compared to half of this for the ions. See I. Langmuir, Phys. Rev. 33, 964-5 (1929). 

’ Zand M—S, Part II, Table III. 

‘Zand M—S, Part V, p. 812. 

5 L. Tonks, H. Mott-Smith, Jr., and I. Langmuir, Phys. Rev. 28, 104 (1926). 

‘In applying his quasi-neutral diffusion theory to the positive column of an arc W. 
Schottky, Phys. Zeits. 25, 346 (1924), abandons the idea that the positive ions have a tempera- 
ture comparable with the electron temperature. 

7]. Langmuir, Phys. Rev. 33, 976 (1929). 
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the sheath. At the outside point suppose that there is a one-sided M. D. of 
velocity among the ions—one-sided since no ions come out through the 
sheath. At this point the electron and ion densities are equal. The potential 
at the inside point is slightly less than in the plasma, with the result that 
both electron and ion densities are less there, the electrons according to 
the Boltzmann Law and the ions beeause of their greater average velocity. 
This can readily be seen by plotting the theoretical densities against the 
potential decrease. But these curves show an astonishing relation—for 
small negative potentials the electron density exceeds that of the positive 
ions because the electron density curve approaches the plasma potential 
with a finite, the ion curve with an infinite slope. By Poisson’s Equation 
any such predominance of negative charge at the sheath edge requires 
positive curvature in the potential distribution curve there, thus making 
it impossible to merge the sheath into the plasma. 

We have now reached a new point of view which seems in every way 
to be more satisfactory. We suppose as before that the electrons possess 
a M.D. of velocity and such a high mobility that they obey the Boltzmann 
Law irrespective of any drift in the plasma away from their points of origin. 
(This is, of course, not true of the longitudinal gradient in a positive column, 
but the arc current is so very much greater than the drift currents neces- 
sitated by the generation of electrons, that this gradient by its smallness 
justifies rather than invalidates our assumption.) But the positive ions 
are supposed to have negligible velocity when formed and to acquire only 
such velocities as correspond to the electric fields through which they pass. 
In the case of long mean free paths each ion will thus fall freely under the 
influence of the small plasma fields set up by the electrons and ions them- 
selves until it strikes the tube wall or an electrode. For short free paths the 
ion will be impeded in its motion by collisions with atoms but still will be 
mainly guided by the electric field in which it finds itself. 

This point of view, it will be seen, ascribes a less chaotic motion to the 
ions than they possessed according to the old concept. Thus in a sphere or 
cylinder at very low pressure the ions all move radially outward, each with 
a velocity corresponding to its point of origin, and for any geometrical 
configuration it becomes theoretically possible to associate each element of 
wall or electrode area with a tubular region of the plasma which alone con- 
tributes ions to that area. Accompanying this picture is the idea that it 
is the presence of an electrode (or tube wall) in contact with the discharge 
which is responsible for the ion current flowing to that electrode by reason 
of its influence, as a boundary condition, on the potential distribution in 
the plasma.® 


* This is, of course, an idealized representation. In any case the ions possess the random 
motions which they had as atoms just before ionization occurred, but this is usually small 
compared to the potentials through which the ion falls in the plasma. Cases in which these 
small velocities are not negligible appear later. At the higher pressures collisions with atoms 
introduce additional randomness. 

® Later, in Section VI, it will be found that very small electrodes have no effect on the 
potential distribution through the body of the plasma and can, therefore, be used as true probes. 
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In order to handle this theory mathematically it is necessary to know 
the space distribution of the ion generation. Two cases will be considered 
below. If the ions are generated wholly by electrons which have acquired 
their velocity in the sheath surrounding an electron source, and the mean 
free path is long compared to the tube dimensions, the generation will, in 
many cases, be essentially uniform throughout the plasma. If, on the other 
hand, the ion generation is caused by the “ultimate” electrons themselves 
which are constantly renewing their energy, as in the positive column of 
a discharge, the rate of generation of ions will be proportional to the electron 
density. Other cases may suggest themselves, as for instance, generation by 
fast electrons at higher pressures where the mean free path of the electrons 
is small, and these cases can also be handled by the methods developed here. 

For all geometrical configurations except those possessing the simplest 
symmetry, the mathematical difficulties become very great, and for this 
reason the quantitative treatment is confined in the following section to 
plasmas bounded externally by two infinite parallel planes, or by an infinite 
circular cylinder, or by a sphere, and in Sections VI and VII to plasmas 
bounded internally by a cylinder. 


II. POTENTIAL DISTRIBUTION IN THE PLASMA. PART I 


It is evident that if ions are to flow to electrodes and walls under the 
influence of the electric fields hypothecated, there must be a potential max- 
imum in the plasma, and, in the simple cases to be discussed here, symmetry 
considerations place it at the center of the boundary structure and the ions 
thus move outward in straight lines. It is advantageous to select the origin 
of coordinates at the center (median plane, cylinder axis, or sphere-center) 
of the structure and to denote distance in cm from this center by r. If 
the potential at r=0 be taken as zero, it is negative elsewhere and the ions 
generated at any point z acquire a certain velocity v, by the time they pass 
some further point 7. In general v, may be a complicated function of the 
potential distribution, and the high and low pressure cases are distinguished 
by the type of function assumed for v,. If the number of ions generated 
per second per unit volume at z is N., their density when they pass r 
is, in each case, respectively, 

Plane: N,dz/v, 

Cylinder: N,2dz/rv, 

Sphere: N,2°dz/r*v, 

Since ions generated at every value of z which is less than r contribute 
to n,, the ion density at r, this density is given by 


, np=r? f N,2dz/0, (2) 
0 


where 8 assumes the values, 0, 1, 2, for plane, cylindrical, and spherical 
cases respectively. 
The electron density at any point is given by 


n.=Mmo exp (eV/kT.) - (3) 
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where 1, is the electron density at the origin, 7, is the electron temperature, 
and V is the space potential. Poisson’s Equation may be written 


V?V = —4ne(n,—Nn,). 


Substituting Eqs. (3) and (2) in this equation we have 
V?V —4reny exp (eV/RT.)+4xer* f N.2°dz/v,=0. (4) 
0 


This is the general integral equation for the potential distribution 
throughout plasma and sheath. In the form of Eq. (4) and in subsequent 
forms to which this equation may be transformed in various cases it will be 
known as the complete plasma-sheath equation. Throughout its various meta- 
morphoses it will continue to consist of three terms, namely, one term cor- . 
responding to the Poisson differential coefficient, another corresponding to 
the electron density, and a third corresponding to the positive ion density. 
In its complete form this equation is far too complicated to handle, but it 
can, fortunately, be simplified in two important regions. First, in the plasma 
it will appear that the Poisson term is negligible. Dropping it from the 
complete equation leaves the plasma equation, the equation with which the 
present section deals. Second, in the sheath bounding the plasma other 
simplifications can be made leading to the sheath solution which will be dis- 
cussed in Section IV. 

Eq. (4) can be simplified immediately by the substitution of a new di- 
mensionless variable » for V, 


n=—eV/kT.. _» @ 


The equation then becomes 
(AT /dretnvnter—nc ir f N,2°dz/v,=0. (6) 
0 


This equation must now be adapted to the various particular cases. 

Case 1. Long mean free path and ion generation proportional to electron 
density. In this case each ion falls freely from the point at which it is gener- 
ated. Accordingly, : 


0, = [2e(V.—V)/m,]"/2= [2kT (n—1,)/my]"? (7) 
where V, and V are the potentials at z and r respectively. Here, also 
3 a 


iene ; (8) 
where A is the number of i 
Substituting these expression#im 


kT ./4xe?no)V*n +e" — NM by eF. Pr [ 2°e-.(n— 9) '/*dz =0. (9) 
(kT ./ 0) baka ) 
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In order to solve this equation the substitution 
s=ar (10) 


is necessary where s is the new variable and a is an adjustable constant. 
Remembering that A’ has the dimensions of nr-*, it is seen that Eq.(9) 
takes on the form 


8 
(aA /4retne\W.En-+et—Nmy/24T)'145-F0+ f sPe-™(n—7,)~'/*ds,=0 (11) 
0 
where V,2 indicates that derivatives are taken with respect to s, and 7, 
is the same function of s, that 7 is of s. At this point a is so chosen that the 
coefficients of the second and third terms are equal, that is 


a=h(m,/2kT .)*!2 (12) 


and as a has the dimensions of a reciprocal length, s as well as 7 is dimension- 
less. This substitution puts the differential equation in the form 


8 


(md*/Sreineenter—s# f sfe—™(n — 7.) !/*#ds,=0. (13) 
0 

Later it will be shown that the introduction of typical values for the 
constants in the coefficient of V,27 renders that term negligible over prac- 
tically the whole range of s in most cases. Thus the definition of the plasma 
as the region where ion and electron space charges are essentially equal re- 
ceives additional justification. If now the sheath edge is defined as the sur- 
face at which this essential equality fails, it is left somewhat indefinite, 
thus requiring a detailed treatment of the plasma-sheath transition, which 
will be touched on later. 

Dropping the first term, then, we have to solve the integral equation 


oust f sPe-™(n —2)~/*#ds,=0. (14) 
0 


The fact that the plasma equation can be reduced to this dimensionless 
form immediately enables us to draw the important conclusion that the 
potential distribution curve will be of the same shape irrespective of the 
particular values which the constants which originally entered the equation 
may have. To make the general curve fit any particular case it will simply 
be necessary to change the ordinate (n) scale according to the value of 
T.,and the abscissa (s) scale according to the tube dimensions and the thick- 
ness of the sheath on the wall whe ) preciable. 

The solution of Eq. (14) is ma by regarding 7 rather than s 
as the independent variable and p ssively 


psin @. (15) 














n=p’, Nz 


This converts the equation to the 






r/2 
sie? — f s )da=0. (16) 
0 
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If now s be expressed as a power series in p 
S=do+a1p+a2p?+ - - - (17) 


with s, being expressed as the same function of p,, it is obvious that the inte- 
grand itself can be expressed in a series 


bot+bip.t+bop.?+ - - - 


in which each 0 is a function of certain of the a’s. The substitutions in- 
dicated in Eq. (15) give the (p+1)term of this series the form },p? sin? 0. 
The integration limits in terms of @ are 0 and 7/2, and this integral of 
sin? 6d6 being given in the tables, the integral term of Eq. (16) comes out 
as a power series in p. The coefficients of this series can then be equated term 
by term with those in the expansion of the fftrst term in Eq. (16) in order 
to evaluate do, a1, dz, etc. The boundary condition that s=0, at p=0 requires 
that a9=0. In the final solutions it also turns out that 0=a,=a,=as, 
etc., so, for simplicity, these values will be assumed immediately in ob- 
taining the actual solutions. We shall, therefore, use, 


s=aip+asp*+asp'+ ---. (18) 


The second boundary condition that the electric field at the origin be 
zero requires that dn/ds =0, that is that ds/d(p*) = © there, a condition which 
the above solution is seen to satisfy also. 

The cylindrical case may be used to illustrate the evaluation of the 
coefficients in detail. For this case 8 = 1 so that Eq. (16) becomes 


/2 
asi J s,(ds,/dp,)e**'d0=0. (19) 
‘ 0 
From Eg. (18) 
s.ds,/dp,= 4a "p,+2(2a1a3)p.2+3(a3?+ 20145) p.5+ i ee 


Also 
e*! =1—p,2+p,4/2!—p,/3!4+ +--+. 


Replacing p,2"*! in the product by p?"*' sin?"*'@, the coefficient of p*"*! 
is seen to be 


(—1)™ sin 2”+19{ a,/m!—2(2aa3)/(m—1)!4+-3(a3?+2a,0,)/(m—2)!— -- 
+ k[a,2+2(ayax_1+asaox_s+ ---)]/(m—k+1)!4+ ---to k=m+1} (20) 


Now 





r/2 1-2-4-6--- (2m) 
f sin?™+! 949 = 
0 1-3-5-7-- + (2m+1) 
so that, denoting the bracketed expression in (20) by ¢,, the coefficient of 
p*"*t! in the integral is 
1-2-4-6--- (2m) 


(“De s57. (2m+1)_ 





(21) 





=a MPA 2 ; — 
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For the first term of Eq. (19) we have to form the product 


(aipt+asp*+ ---)(1—p?+pt/2!— ---). 
The coefficient of p?”+! here is 
—(—1)™[a,/m!—a3/(m—1)!+a5/(m—2)!— RSs + dom41). 


Setting the sum of this expression and (21) equal to zero we find that the 
condition to be satisfied by the a’s is 


1:2-4-6--- (2m) 
i. = 1 _ Ris gy ae 
a,/m!—as/(m—1)!+as/(m—2)! 1-3-5-7--- (2m+1) 


X [a@:2/m!—2(2a,a3)/(m—1)!+4+3(a3?+2a:45)/(m—2)!— --+- | (22) 


To evaluate the a’s, m is set equal successively to 0, 1, 2, etc. 

For m=0, a,;=a,;’ whence a,=1 

For m=1, 1—a;=(2/3) (1-4a3), whence a3 = —0.2 

For m=2, 1/2!+0.2+a;=(8/15) [1/2!+0.8+3(0.04+2as)] whence’ a;= 
— 0.026061 and so on, giving for the solution 





s=n'/?(1—0.2n—0.026061n? —0.0064894n 
—0.0019840n* — 0 .00067937n' —0 .000253n' —0 .000101In7’— ---) (23) 


The coefficients of the last two terms are estimated from the trend of the 
preceding ones. 

If this series be used to calculate the potential distribution, it is found that 
at a certain value of n, say mo, dn/ds passes through infinity and that thereafter 
s decreases with increasing n. We recognize in and in the corresponding 
value so of s the extreme limit for the validity of the plasma solution since 
d*n/ds* is infinite at so and the V.*n term of Eq. (13) ceases to be negligible at 
some lesser value of s. By setting the derivative of Eq. (23) equal to zero, 
it is found by successive approximations that mo =1.155, so=0.7722. 

The results of a similar calculation for the plane case are given in Table 
IIa at the conclusion of this section. 

Case 2—Long mean free path and ion generation constant throughout the 
plasma. This case differs from the previous one in that here 


J being the number of ions generated per cm’ per sec. throughout the plasma. 
Examination of the previous treatment will show that all the conversion 
factors and integral equations there used can be adapted to the new case by 
omitting the e* under the integral sign and substituting J/m for X 
everywhere. Thus, instead of Eqs. (12) and (13) we have 


a -J(my/2kT.)"!2/no (25) 


(mJ ?/82e*ny*)V.2n+e-7— 54 f sP(n—12)~'/2%ds,=0. (26) 


0 













































THEORY OF THE ARC PLASMA 887 


This equation can be solved by the identical method used before and the 
resulting solutions having the same general character as the earlier ones are 
given in Table IIb. 

Case 3. Short mean free paths and uniform ion generation. A. If the mean 
free paths are short compared to the dimensions of the plasma and the 
field strength is so small that the energy which an ion picks up between im- 
pacts with atoms is small compared to the thermal energy of the atoms, the 
ion drift velocity at r is made up of two components, one arising from 
diffusion, the other from the electric field, 


v= —(D/n,)dn,/dr—(eD/kT,)dV/dr 


where T, is the temperature of the gas and D is the diffusion constant 
for the ions into the gas. The fact that v, has ceased to be a function of 
z will be indicated henceforward by dropping the subscript z. Since ion and 
electron densities are equal in the plasma, m, can be substituted for N, 
in Eq. (3), thus making it possible to eliminate m, and dn, and giving 


v= —(eD/k)(T-°+T,")dV/dr 
and since 7,< <T,., the diffusion component is negligible and 


= —(eD/kT,)dV/dr. (27) 


Assuming D to be the same as the interdiffusion constant for the gas, we 
have '° D=0.5611,0 where /, is the mean free path and 6 the average speed 
of the atoms in their random motion. Expressing 6 in terms of 7, we have 


j= 2(2kT,/em,)"/2=1.597(kT ,/my)*!2 
Thus Eq. (27) can be put in the form 
v= —0.8951,(kT ym,)—"!2edV /dr 
= —gedV/dr (28) 


q=0.8951,/(kT ymy)"!?. (29) 


where 


for convenience. Now N,=J can be brought from under the integral sign 
in Eq. (6) and since v, =v of Eq. (28) is independent of z this, too, comes out, 
giving 


(AT [reine er—(J/moghT )Hdn/ ar) f sPds,=0. (30) 


The substitutions used in Case 1 here lead to 


o®=J/nogkT. (31) 
and 


(J/4mre?ng?g) Van +e? — s-*(ds/dn) f sPds,=0. (32) 
0 


10 Jeans, Dynamical Theory of Gases, 2nd Edition, §440. 

























» 888 LEWI TONKS AND IRVING LANGMUIR 


As before the first term can be neglected for the present and the solution 
comes out very simply as 


e-"=1—5?/2(8+1). (33) 


A marked difference between this solution and those previously obtained 
is that here no= © although 5» is finite, having the values 


so=1.414, 2.000, 2.449; B=0,1,2. (34) 


‘In this case then, the potential at which the present solution fails to be a 
good approximation must be very far indeed from 7 although the correspond- 
ing value of s may not be very different from So. 

B." At pressures intermediate between those just discussed and those 
contemplated in Cases 1 and 2 the ion temperature will be determined less 
by the gas temperature and more by the energy acquired in a free path. 
Thus 7, in Eq. (29) must be replaced by 7,, the ion temperature, and this 
becomes proportional to dV/dr so that the drift velocity is proportional to 
the square root of the field strength.” A rough value for the drift velocity 
can be calculated as follows. Let the ions be accelerated by a uniform 
field X and let the average components of velocity in the direction of the 
field at the beginning and the end of a mean free path be m and 2; respectively. 
The gas atoms are moving so slowly compared to the ions that they’can be 
assumed to be at rest. The persistence of velocity for the resulting type of 
collision™ is 0.5 so that 


vs =20. 


Denoting the mean free time of the ion between collisions by 7 there are the 
additional relations 


vs =vot+(eX/m,)t 
1,=vo+(eX/m,)r* 


where /, is the positive ion mean free path which is 2'/? times the atom free 
path on account of the higher velocity. The last equation neglects the 
existence of a velocity component perpendicular to the field, but the effect 
of such a component in decreasing the progress made between collisions is 
small enough to be neglected in this rough calculation. Eliminating r and 


11 Here, as later in Case 4B, the significance of the analysis is somewhat doubtful, first 
because of the small radial field strength near the potential maximum as mentioned below, and 
second, because in the very important class of cases pertaining to the positive column of an 

arc there is a uniform longitudinal field. Both in the free fall and the short path cases the ion 
motions can be simply resolved into components, leaving the theoretical results unaffected by 
this uniform field, but this resolution fails when, as here, the drift velocity is proportional to 
the square root of the field. 

12 P. M. Morse, Phys. Rev. 31, 1003 (1928) uses a formula for ion mobility which is an 
adaptation of an expression for electron mobilities derived by K. T. Compton, Phys. Rev. 22, 
333 (1923). Morse does not, however, take into account the finite persistence of velocity of the 
ions, with the result that his consolidated numerical coefficient is 0.858 compared to 1.2 derived 
here, Eq. (35). 

18 The Dynamical Theory of Gases, J. H. Jeans, p. 279, 2nd edition. 
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vy from these three equations, solving for vo, and then finding v = (v)+v,)/2, 
the drift velocity, it is found that 


v=1.2(eX1,/m,)'!? 
If in the present case we put 


q’ =1.2(1,/m,)*/? (35) 
v= —q'(edV/dr)'/?. (36) 


then 


Substituting this expression for v and J for N, in Eq. (6), and at the same 
time introducing s we have 


a= (J2/ne2q’2kT)"!3 (37) 


(1/4ae2)(kTI*/notg’)!3y,2-+-e-"— °(ds/dn)"!? f sfds,=0 (38) 


0 


the solution for which, neglecting the V,?7 term as usual, is 


e~" = [1—253/3(1+8)?]"/2. (39) 
In this case, too, no= © while 
so=1.145, 1.816, 2.378; for 6=0,1,2. (40) 


A unique feature ofthis potential distribution is that » approaches 
zero at s=0 along a cubic rather than along a parabola, as in all the previous 
cases. It is probable, however, that this is of little significance because the 
approach of the electric field to zero in the neighborhood of the origin makes 
Eq. (28) rather than Eq. (36) the more applicable there. 

Case 4. Short mean free paths and ion generation proportional to electron 
density. Here again two cases must be distinguished according to the length 
of the ion free paths relative to the electric field and gas temperature. 

A. In the range of shorter free paths Eq. (30) is readily adapted by 
substituting Ame": for J, leading to the equations 


(X/4are20q)V.2n-+e-" — s-*(ds/dn) f es 8ds,=0 (42) 
0 


a=(d/gkT)"2, (41) 


The solution, when the first term is neglected as usual, can be easily trans- 
formed into the Bessel Equation of order (1—8)/2 


d?w/ds?+(1/s)dw/ds+ [1—(1—8)?/4s?) ]}w=0 


by putting w=s‘*-)/2e-", The solutions are given in Table IId. 
The solution for the cylindrical case, 


et =Jo([A/gkT.]""r), 
is identical with Schottky’s solution which he gives" as 
n= oJ o( [a/Da}*/*r) 
4 W. Schottky, Phys. Zeits. 25, 635 (1924). 
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(the a being the present A) if one assumes the ion temperature and mobility 
entering the expression for the ambipolar diffusion constant D, to be small 
. compared to the electron temperature and mobility, respectively. The new 
treatmentis thought to have two advantages over the earlier treatment, 
first in that the present method, by including the Poisson term in the funda- 
mental equation, will tell us when this term can no longer be neglected and 
how the problem can be handled beyond this point (see Section IV), and 
second, in that the radial ambipolarity of the diffusion is shown not to be 
essential to the solution. Schottky recognizes that his solution is, in fact, 
inconsistent with this idea, for its assumption that m is zero at the tube wall 
is equivalent to having the wall at an infinite negative potential, in which 
case the electron current would be zero. The essential requirement appears 
to be that the loss of electrons to the walls shall not be sufficient to disturb 
materially the M. D. of electrons in the plasma. 

B. In the range of longer free paths Eqs. (37) and (38) can be readily 
adapted by writing Am for J and putting e€~", under the integral sign, giving 


a=(d2/q/2kT)"/3 (43) 


(1/4arnoe”) (RTA4/q'4) 80,29 +€- — 59 (ds/dn) !!? e-"s.ds,=0. (44) 
q 


0 


With the omission of the first term the equation can be integrated once to 


assume the form 
8 y 2 1/2 
cra fi-2 f y»| f ewssds, ay} ‘ 
0 0 , 


Solutions of the form 
e€-"=1+a\s+a25?+ --- 


can then be obtained by substitution (see Table IId). 

The theoretical potential distribution curves for a number of the cases 
so far discussed are shown in Figs. 1 and 2. Fig. 1 applies to cases where the 
ionization rate is proportional to electron density and thus covers Cases 1 
and 4. Fig. 2, applying to a uniform ionization rate covers Cases 2 and 3. 
The abscissae are values of s/so so that except for the small sheath thickness 
on the wall the radius of the tube is the unit of distance. The ordinates are 
values of 7 which can be converted readily to voltage by multiplication by 
T./11,600. 

Corresponding to the transition from long to short ionic free paths the 
respective potential distribution curves should show a progressive change. 
Curves for cylinder-long path, cylinder-medium and cylinder-short path in 
both Figs. 1 and 2 show this transition at larger values of s/s» but the cylinder- 
medium-path curve falls out of line at the lower values of s/so. This un- 
doubtedly arises from the fact mentioned before that the mobility law under- 
lying the medium-path curves is not valid in small fields, leaving the cases 
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involving the long and the very short ionic free paths as those capable 
of the most rigorous treatment. 

Comparison with experiment. Later, in Sections VI and VII, the orthodox 
use of a fine wire probe will be in the main justified on the basis of the new 
theory. Anticipating these conclusions, use can be made here of some measure- 
ments made by Mr. T. J. Killian on the potential distribution along the 
diameter of the anode arm of a mercury arc for two different pressures of 
mercury vapor, corresponding respectively to 1.4° and 38.6°C. Killian mea- 
sured also the electron temperature in each case, which gives all the informa- 
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zation proportional to electron density. ionization constant. For the meaning of 
For the meaning of curve designations curve designations see Table II. 


see Table II. 


tion needed to check the observations against the theory. Actually, potentials 
were determined on both sides of the tube axis—but in view of the tube 
symmetry the points in Figs. 3 and 4 are plotted to one side only, those which 
have been transposed being indicated by crosses. The ordinates are, in 
each case, 11,600 V/T.=n, V being the space potential in volts and 11,600 
being e/k in degrees per volt. Along with the experimental points in each 
case is plotted one or two of the theoretical curves. 

For the lowest gas pressure, Fig. 3, Curve CLA of Fig. 1 should give good 
agreement with the data, as it does. At some higher pressure Curve CSA 
may be more nearly approached, as appears in Fig. 4. In judging of the agree- 


% T. J. Killian, forthcoming paper in THE PuysicaL REVIEW. 
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ment between the theoretical and experimental results both the uncertainty 
of the potential measurements and also the absence of any adjustable con- 
stant in the theory must be considered. Since the transition from the CLA 
curve to the CSA curve should occur in the range where the free path length 
l, is comparable with the tube radius a, the ratio /,/a has been given on 
each figure. The value of /, was calculated by multiplying Langmuir and 
Jones’ value of 70 cm" for the electronic mean free path at 1 barye and 
650°K by 1/4 and correcting to 300°K and the appropriate pressure. When 
the potential distribution curve assumes the short-free-path form as in Fig. 
4 one should expect /,/a to be rather less than 0.37, the value found. On 
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Fig. 3. Comparison of experimental 
and theoretical plasma potential dis- 
tributions for long ion free paths. 


Fig. 4. Comparison of experimental and 
theoretical plasma potential dis- 
tributions for short free paths. 


the other hand free-path values—and even the concept itself—are some- 
what uncertain. Probably the fact that the transition occurs in the general 
neighborhood expected is all that can be asked. 

The plasma balance equation. A digression may be permissable at this 
point to inquire into another consequence of the theory so far developed. 
In every case there is a fixed numerical value so which is the upper limit 
of the values which scan assume. Now Sy has already been identified with 
the tube radius in Figs. 3 and 4 and this is justifiable to the extent that the 
sheath thickness is negligible. Hence, using Eq. (10), we can write ap- 
proximately for any case 


16 [, Langmuir and H. A. Jones, Phys. Rev. 31, 357 (1928). 
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a/sp=r/s=1/a. (45) 


To fix-our ideas let us confine our attention to the low pressure A cases 
covered by Table Ila. After introducing the value of a given by Eq. (12) 
this becomes 


an = So(2k/m,)*!?2T .!/?=0.5522 X 10%so( T m./m,)'!*(cm- sec). (46) 
For a cylinder, s)=0.7722 whence 
ad =0.4264X 10°(T m./m,)'!* cm- sect! (47) 


and in Hg (m,/m,)"? is 605.5 so that for a cylindrical mercury discharge 
at low pressure 


ak= 703.1712. (48) 


Weare thus enabled to calculate most easily the average rate at which each 
electron in the positive column of an arc ionizes atoms. Using some of the 
results given by Langmuir and Mott-Smith for a tube of 1.6cm radius with 
bulb at 15.5°C corresponding to a vapor pressure of 1.05 baryes we find the 
values given in the 5th column of Table I. 














TABLE I,"” 
X10 calc. by 

Run No. Arc Current, T. I, ° plasma balance | ion generation 
(amps.) (ma - cm™? equation equation (See 
Section VIII) 

34b 0.5 27,500 0.17 7.29 1.6 

35a 1.0 29,000 0.25 7.48 2.1 

35b 2.0 26,600 0.44 7.15 1.4 

37a 8.0 19,500 2.29 6.13 0.21 























Eq. (46) will be called the plasma balance equation for the low-pressure 
proportional-ionization cases because it states the adjustment of electron 
temperature to ion generation which just fits the plasma into the space 
available for it. It will be noted that Eq. (46) can be derived directly from 
the s vs. r equation appearing in Table Ila by inserting the limiting values 
so and a. This same substitution when made in each of the other s vs. r 
equations of Table II yields the plasma balance equation appropriate to the 
particular case. Because of the finite thickness of the positive ion sheath 
on tube wall, a does not correspond exactly to so, and the necessary correc- 
-tion will be derived in Section IV. 

Hitherto, the number of known relations in a positive column has been 
one less than the number of variables to be fixed. The plasma balance 
equation is important because it is the missing relation. This phase of the 
theory will be discussed in Section VIII. 

‘7 Langmuir and Mott-Smith, II, Table III. Examination of the original data reveals that 


the electron temperature in Run 34b is somewhat uncertain with the consequence that the 
value 1.6 for \X10-* may, possibly, be as much as 30 percent too low. 
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The plasma balance equation can, obviously, say nothing concerning the 
actual causal dependence of \ on 7, and other quantities. This causal rela- 
tionship might conceivably be incompatible with the plasma balance equation 
and in that case the formation of a plasma would be impossible. This rela- 
tionship will be further discussed in Section VIII. 

The first order correction to the plasma equation. The total unimportance 
of the first order correction to the plasma solution throughout the greater 
part of the plasma becomes evident in Section IV but it will enter into any 
exact plasma-sheath transition calculation. The evaluation of this correction 
can be carried out by a method similar to that employed later in Section V. 
In long free path cases it will probably be advantageous to put s,+4s; for s 
in the complete equation, s,; being the solution already obtained and 6s, 
being the correction desired. In short free path cases, on the other hand it 
appears that the useful substitution will be e~"= e—,+6(€~»,). 


III. PositrvE IoN CURRENTS IN THE PLASMA 


Pursuing the views advanced in the preceding sections one readily con- 
cludes that the positive ion current at the center of a discharge tube is zero, 
that at any other point it is radial (except for a longitudinal component in 
the positive column arising from the constant longitudinal gradient), and 
that it increases continually up to the sheath edge. If we abandon the 
approximation that each newly-created ion starts from rest, and make the 
more reasonable assumption that the newly-created ions have the same tem- 
perature as the gas—namely 7,, it is seen that there is a real, if small random 
ion current even at the center of the tube, but that does not concern us at 
present. Theimportant thing to note here is that the ion currents en route 
to the walls are almost certain to remain unobservable by any direct measure- 
ments, for the introduction of any electrode which is apparently suitable for 
the purpose will itself so distort the plasma fields and ion motions as to 
destroy completely the effect sought. The result is that in seeking experi- 
mental agreement with the theory, we are limited to the observation of the 
ion current density at the tube wall. This current can be readily expressed 
in terms of the variables which have already been introduced. In all of the 
cases already discussed the number of ions reaching each unit of wall area in 
one second is the number generated per second in the volume subtended by 
that wall area. Thus 


v1, [ eN,r'dr 
0 


where J, is the positive ion current density at the wall. Introducing s here 
as before we have 


80 
I ,= aes?! f N,s*ds (49) 
: 0 


or where p( = 7"/?) is the independent variable 


I,=aesy N,s*(ds/dp)dp. 
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Comparison of this with the integrand appearing in the integral equations | 
of Case 1 above shows an identity of form. The only difference lies in the | 
variable of integration. Whereas for each series term a sin™@d0 was inte- | 
grated before, here a p”dp is to be integrated. Thus with ionization pro- 
portional to electron density 
























































~ | 
T p= aeso®-"\ny D(—1) ™omno™+ t)/2/(2m+B+ 1) i 
0 a 
Hi 
TABLE II. Plasma solutions and values of so, no, ho. HE 
Designation of cases. H 
Form of plasma Ion free paths | Ion generation tH 
P plane L long J constant throughout (V,=J) ' 
C cylindrical M medium proportional to electron density(N ,= dn.) i, 
S spherical S short pi 
TABLE Ila.'® Plasma solutions for Case 1 in text. Ht 
Plasma equation: s=Gn"?(1+gin+gor+---), a=s/r=d(m,/2kT,)"? pil 
bt 
Constant | Case: PL» CL? SL» ti 
ay 
G 2/x 1 4/r hy 
£1 —0.333333 —0.200000 —0.142857 i 
£2 —0.0333333 —0.0260260 —0.017722 it 
£3 —0.00476190 —0 .00648941 — \\ 
gs —0 .0;661376 —0.0019840 -- ae | 
£5 —0.0,84181 —0.0;6794 - vn 
gs —0.0,9715 —0.03253 ih 
&7 — —0.0310 — Hi, 
$0 0.4046 0.7722 — it 
no 0.8540 1.155 _ tif 
ho 0.8513 0.3500 -— i 
i 
TABLE IIb.'* Plasma solutions for Case 2 in text i 
Plasma equation: s=Gn"*(i+gint+ger+°+:), a= s/r=(J/no) (m,/2kT.)'? i 
Constant | Case: PLJ CLI SLI i 
G 2/= 1 4/e a 
£1 —2/3 — 0.600000 —0.571429 i 
g2 +4/15 +0.238182 +0.227712 | 
g3 — 8/105 —0.068573 —0.0661527 : y 
gs — +0.015303 +0.0147939 y 
gs — —0.0027721 —0.00265902 if | 
£6 [+2?/1-3-5---- -(2p4+1)] +0.0;4242 +0 03395 7 
87 — —0.0.56 —0.0,50 a 
gs — +0 .0565 +0.0555 ‘i 
wy) 
So 0.3443 0.5828 0.7707 Hy | 
No 0.9244 1.0542 1.1950 
ho 1.0000 0.5000 0.3333 | 
so 0.38 0.638 0.818 Hs 
no” 0.943 1.26 i: a . 
ho 1.000 0.500 0.333 | a 
i} 
18 In the numerical coefficients the subscripts have the meaning indicated by 0.0,7 t 
= 0.00007. 
1® The coefficients in italics were obtained by extrapolation from the previous ones. ' 
20 These solutions were obtained by an approximate method. (See Section VI.) 
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” TABLE IIc. Plasma solutions for Case 3 in text. 


Plasma equation: s*=2(1+8) (1—«~") 


q= 0 . 895 L(k T,m,)~/? 


a=s/r=(J/nogkT.)'? 











Constant Case: PSJ coJ SSJ 
B 0 1 2 
So 1.414 2.000 2.449 
no i) ioe] i) 
ho 1.0000 0.5000 0.3333 








Cases (P, C, S) MJ: 


Plasma equation: s* =(3/2) (1+ 6%) (1— «?") 


q’ =1.2 (1,/my)"? 


a=s/r=(J?/neq'"*kT.)'!? 











Constant Case: PMJ CMJ SMJ 
B 0 1 2 
So 1.145 1.816 2.378 
no i 2) i 2) i 3) 
ho 1.000 0.500 0.333 








Cases (P, C, S) Sar: 


TABLE IId. Plasma solutions for Case 4 in text. 


q=0.895 Lp(kTym,)-"2 


a=s/r=(dA/qkT.)'? 














Case: PSX CS SSX 
Plasma 
equation €~"=coss e~ "= Jo(s) e~"=(sin s)/s 
So 1.571 .40 3.142 
no i 2) 2 2) 
0 0.6366 0.2159 0.1013 








Cases (P, C, S) Mh; 


so that 


the ion current 


q’ =1.2 (l,/m,)*/? 
Plasma solution for case CM) only: 
e~ "=1—(1/12)s?—0.0;69444s?—0 .0,79089s® —0 .0.325115"2 
—0.0,16513s%— --- 


$9 =2.154 


a=s/r=(d*/q"kT.)'4 


no= 0 ho=-°> 


om being defined for the cylindrical case just above (20) and for any case 
as the coefficient of the (m+ 1)** term of the series which occurs as integrand 
in the course of the original solution. In this way J, is seen to involve a new 
dimensionless constant which can be chosen to correspond to current 
density just as sp corresponds to distance and 1 to voltage 


ho= so! Y9(—1) "omno™* EHD !2/(2m-+8-+ 1) 
0 


which will be called an ion current equation. 
constant) it is readily seen that Eq. (49) can be integrated directly giving 


equation 


I p= hoeanor 


[>= hoeaJ , 


(S1) 
In Cases 2 and 3 (N,=J, 


(52) 
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where ho=1/(1+ 8). In Case 4 when the mean free paths are short Eq. (49) 
again applies. The values of ho for this and other cases are given in Table II. 
Another significance may be attributed to hy in Cases 1 and 4, namely that 


(1+ 8) ho =average value of «—” (53) 


taken throughout the plasma. Thus in the cylindrical case the total number 
of electrons N, per unit length of tube is given by 


N.=2honora? (54) 
whence the total ion current 
2ral p= N X= 2ra*honoer 


which checks Eq. (51). The plane and spherical cases work out similarly. 

Both when the ionization rate is uniform and when it is proportional to 
electron density, a simultaneous solution of the plasma balance equation and 
the equations involving ion current gives in long free path cases 


I p= Sohoeno(2kT ./m,y)"!2 (55A) 
=8.787X10-“sohono(T m./m,)'!? amp -cm~? (55B) 

and in short free path cases 
Tp=so*hoengkT./a (55.5) 


These types of equation will also be called ion current equations. 

It will be noted that the ion current equation affords a method by which 
the electron density at the potential maximum in the plasma may be deter- 
mined. Solving for mo in Case CLX Eq. (55B) becomes 


no= 4.21 10!9(m,/m.)"21 pT 2, 


This method was checked experimentally against the electron and ion den- 
sities determined from the positive and negative branches of the volt-ampere 
characteristic of a fine probe as discussed in Sections VI and VII. For 
this purpose three runs were made with the tube which Killian used. The 
results are shown in column 5 of Table III. 


























TABLE III 
no X 107° 
Arc 
Current, | Bulbtemp.| Electron Ip X 104 by “#—V plot 
(amp.) temp. (°K)| (amps/cm?)| by Eq. (55) 
for ions | for electrons 
5.0 s6.3°C 20,600 4.52 8.04 16.3 8.07 
5.0 0°Cc 27,800 4.57 7.0 16.4 6.2 
1.0 363° 23,300 0.84 1.40 3.83 1.54 











= 





The value of J, for the 1.0 amp. case has been corrected for the wall 
sheath thickness in accordance with Section VI so that J, refers to the sheath 
edge as it should rather than the tube wall. The correction amounts to 
4.5 percent in this case. 
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The potential which a non-conducting tube wall bounding the discharge 
assumes can now be calculated. Such a wall becomes sufficiently negative 
so that all the electrons are turned back in the sheath except the small 
number required to neutralize the positive ion current. By kinetic theory 
the electron current density reaching the surface of the wall is 


In = enge—"w( kT ./24m,)'!2 


where 7. = — 11,600 V../7., Vw being the wall voltage with respect to the 
plasma potential maximum. But if the reflection coefficient of the wall 
is p, the current actually collected* will be only 


I,’ =(1—pe)In. 
Equating J’, to J, as given by Eq. (55) it is found that 


Nw =1n [(m,/m.)'!?/2n'!*hoso]+1n (1—p.) (S6) 
which in Case CLA and Hg gives 
Nw =6.45+1n (1—p.). (57) 


Both the voltage on the axis of the positive column and 7, can be determined 
from the semi-log plot of the volt-ampere characteristic of a fine axial wire. 
Also, the voltage at whicha collector on the tube wall opposite the wire 
takes zero current is readily measured. The difference of the two voltages 
multiplied by 11,600/7, gives n.. Referring to the original data for collectors 
F® and H upon which Tables III and XIV of L and M-—S Parts II and IV 
are based it is found that 7.=5.9+0.2 for Runs 34b to 37a. In a special 
test with a positive column of twice the diameter used there it was found 
that 7» was 6.13 for one pair and 5.73 for another pair of electrodes, again 
giving an average of 5.9. A reasonable value for p, is thought to be 0.15 lead- 
ing to the theoretical value 6.3 for 7.. The agreement with experiment is con- 
sidered to be good particularly in view of the effect of the collector support.” 

This is, perhaps, as good a place as any to point out that in many 
cases the plasma theory as so far developed applies to the plasma in the 
neighborhood of an anode almost as well as to electrodes drawing less electron 
current. The only necessary condition is that the electron current density 
reaching the anode shall be small compared to the random current density 
at the sheath edge. It has already been pointed out® that without violating 


21 It might reasonably be expected that the constant drain of fast electrons by the walls 
would cause a deficiency of high velocity electrons. No such effect has been found at small 
distances from a wall or from an electrode considerably less negative than the wall. The ex- 
planation of this phenomenon is not known. Were it not for this mechanism which rapidly 
reestablishes a M.D., slow electrons would accumulate indefinitely at a potential maximum 
and build up the ionization density to a high value, escaping finally either by recombination or 
by setting up oscillations. Perhaps the unknown mechanism involves just such oscillations. 

& * The ideal collector would be axial, but the fact that F is not axial is unimportant com- 
pared to the errors introduced by the lead-in structure in lowering the plasma potential at the 
supported end of the collector. 

*% L and M-S., Part IV, pp. 766, 767. 
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this condition anodes of reasonable area are capable of collecting the full 
arc current. 

We are now in a position to discuss the magnitude of the ion currents 
received by two equal plane collectors arranged back to back in the positive 
column of a discharge so that one electrode J faces the cathode, the other 
K, the anode. Fig. 5 gives the volt-ampere characteristics * in Hg vapor 
saturated at 16°C of two such electrodes. Each was allowed to float while 
the characteristic of the other was being taken. Both were square plates 
0.95 cm on a side spaced 0.08 cm apart in a tube of 3.2 cm diameter carrying 
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Fig. 5. Note change in current scale at zero. 


an arc current of 0.60 amps. The arc gradient was 0.24 v-cm™'. It is to be 
noted that not only did J receive the larger electron current at positive 
voltages but also the larger ion current at negative voltages. K, which was 
completely exposed to any longitudinal drift of the ions toward the cathode 
captured fewer ions than J which, on the random-ion-current theory, could 
only receive the random component of the ion current. The present theory, 
however, explains this quite readily. We observe that the larger electron 
current to J arises from the very appreciable ratio of drift to random elec- 


* From unpublished data taken by I. Langmuir and H. M. Mott-Smith, Jr. 
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tron current density. This not only increases the density of electrons in the 
plasma near J above normal but decreases the density near K below normal. 
Positive space charge arising from an excess of ions if present would set up 
potential differences tending to wipe this out, but such an excess has little 
tendency to occur because the generation of the positive ions is it self pro- 
portional to the electron density. Thus the density of ionization as a whole 
is less near K than near J, and the smaller ion current to K than to J at 
negative electrode voltages is to be expected. The relative difference be- 
tween the two ion currents is smaller than between the two electron currents 
and this probably arises from the effect of the longitudinal field in the column 
which tends to increase the volume from which ions can reach K and to 
decrease the volume contributing ions to J. (This longitudinal field of 0.24 
v-cm~ is small compared to the average radial plasma field. The electron 
temperature was approximately 30,000°K. In case CLA no=1.155 whence 
the potential difference between tube axis and plasma edge is 
1.155(30,000/11,600) = 3v, a differente equal to that found in 12.5 cm along 
the axis. It is interesting to note that the displacement of the curves shows 
that the presence of the dual electrode causes a potential difference of some 
3v in less than a millimeter distance.) 

The ratio of random electron current to drift current. The quotient of the 
density of the ion current to the wall in a positive column and the arc current 
itself leads directly to the ratio of random electron current density J,, to drift 
current density, J,. From kinetic theory 


I .=eno( kT ./24m,)'!2 
at the tube axis. Combining this with Eq. (55A) we have 
I ./Tp=(m,/m.)"!2/2sohor'!?. 


The average drift current over the tube cross-section is 7,/ma? and taking 
account of the actual distribution by using Eq. (53) we have 


I = ip/2homra? 
at the tube axis. It follows then, that 
T/T 2=(m"'!2/so)(m,/m.)'!2a7I pip/ . (57.5) 


The approximate equality of I, for electrodes of various sizes and in various 
positions. One of the experimental facts which favored the random ion 
current belief was the observation that at low gas pressures electrodes var- 
iously disposed in a tube excited from a hot cathode received ion current 
densities (corrected to sheath area) which differed usually less than 2 to 1 in 
ratio even though one electrode might be in the center, the other on the wall 
of the bulb. Experiment thus shows that the shape of the plasma boundary 
at a certain place has no great effect on the ion current density to that 
place. The theory indicates the same result, for Eq. (55A) shows that for plas- 
mas of different sizes and varying in shape from the plane to the spherical 
but all having the same maximum ionization intensity, J, is proportional to 
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Soto. From Table IIb it is seen that the variation involved is only from 0.34 
to 0.26. 

The average ton velocity at so. Later it will be convenient to know the 
average velocity of the ions as they pass from the plasma into the sheath. 
The » equivalent to this velocity will be denoted by 4. and can be calculated 
readily. We have 


I,=nedp, n=, Dy=(2RT .Hjo/m,)'!? 
where 9, is the mean ion velocity. Combining these, we find 
I p=enge—(2RT .ija/m,)'!? 
and eliminating J, with Eq. (55A) it is found that 
fio = ho?so7e?" (58) 


in long free path cases. In Case CLA. =0.7359. 

The magnitude of the neglected term in the plasma equation. Eq. (55) 
makes it possible to calculate the coefficient of the neglected term in Eq. 
(11) or (13) which will be denoted by A, for any given case. Using Eggs. 
(45) and (55) to eliminate @ and mp respectively, we have 


A =hoso3(2kT .)*/2/8xea2m,"7I » (59A) 


for long free path cases. Introducing the numerical values of known con- 
stants and expressing J, in amperes-cm~? this becomes 


A =4.210X 10-!2hos3(m./m,)'/?T 2/2/a7l » (59B) 
and for Case CLA in mercury 
A=1.119X10-7,,3/2/a?J,. (60) 


Thus in Run 37a*® where the arc current was 8.0 amps, T7,=19,500° 
a=%.6 cm, and J,=2.29X10-, and we find A =5.19X10-". In Run 34b 
at the other extreme of this group of runs the arc current was 0.5 amp. In 
this case 7,=27,500° and J,=0.17X10-*, whence A =1.17X10-°. From 
Table Ila it is readily found that V,2n at the potential maximum has its 
largest value 4.94 in the plane case. We thus confirm the smallness of AV,* 
at the origin relative to the other terms of Eq. (13). How far out this term 
may be neglected will be discussed in the next section. 


IV THE SHEATH EDGE AND SHEATH 


The limit of validity of the plasma equation. We have already noted that 
the approximation which gives the plasma equation fails at some value of 
s less than so because of the fact that A,2n becomes infinite at so. Physically 
of course, this is just the type of development that is necessary to give a 
sheath. Accordingly, the problem of carrying the solution up to and past 
So is the problem of the sheath edge and sheath. 


%*L.and M-S. Table III, Part II. 
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Only the low pressure case will be analyzed in this section and that com- 
paratively roughly because the plasma-sheath transition is inherently more 
complicated than either plasma or sheath alone. The high pressure case 
might be covered by the assumption that the ion velocity was proportional 
to the electric field, but there is a wide range of pressures for which the ion 
may drift in the plasma yet fall freely through the greater part of a thin 
sheath. 

The first question which arises concerns the point at which the plasma 
solution should be abandoned. We may, without definitely committing 
ourselves for the present, say that we shall have to do this when the Poisson 
term, neglected in the plasma solution, becomes equal to a certain fractional 
part, ¢, of either of the other two terms, that is when 


Ad?n/ds?=e". (61) 


Here V,"7 has been replaced by d*y/ds? since the only sheaths which will be 

considered are those which are thin compared to the radius of the tube. 
The point on the plasma solution at which this relation is satisfied is 

designated on Fig. 6 by 74, sy. The coordinates s, and ny, are most easily 
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Fig. 6. The relation of the plasma and complete solutions of the 
plasma-sheath integral equation. 


expressed by their differences 5s, and dn, from so and mo respectively. In 
order to evaluate 5s, and 6n,, d*n/ds? must first be expressed with 7 as the 
independent variable. We have 


dn/ds=(ds/dn)-', d?n/ds*= —(d*s/dn*)(ds/dn)~* (62) 
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A Taylor Expansion gives 
is = + (3) s0"6n?[1+-5n( -++)] (63) 


where 56s =s—So, 57 =—7, So’ denotes the value of d*s/dn? at so, and the 
term involving so’ is absent since so’=0 by definition of so. Neglecting 
all but the lowest order terms in 5 we also have 


ds/dn=s' =5s''bn 
d?s/dn?=s" =sq"’. 


Substitution in Eq. (62) gives 


dn/ ds =so'’—Sn7! (64) 
d?n/ds* = — sq’—*6n-* (65) 
In addition, 
€ "=¢€ % 


to the same degree of approximation. 

Then 6n,, the value of —5n for which Eq. (61) is satisfied, (the minus 
sign being inserted simply to make 6n, intrinsically positive), is found through 
substituting the last two equations into Eq. (61). It is found to be given by 


Sno = Ae"e/ so" (66) 


The corresponding value, 5s,, of —ds can be found from Eq. (63). In case 
CL» 
So’ = — 0.635 


so that using A from Eq. (60). 


dng = 2.064X 10-57 ,1/2a-2/3] 1 8g-1/8 
and 
554 =1.35X10-!T ,a-4/3],-2/3g-2/8 


for mercury. 

As example we may take the two runs already used. Noting that €"/s 
= 7.88 in Case CLX, the values of A already found substituted in Eq. (66) 
give immediately 


tN 


dng =0.0160/¢'/? and dn,=0.045/o'/8 
for the 8 amp. and 0.5 amp. arcs respectively. Thus for ¢6=0.05 we have 


ing =0.045 , ee 122 
an 
5s4=6.4 10-4 5s5=47X10-4. 


The extension of the general plasma-sheath equation, Eq. (4), past 
Ns, Sg is very much more complicated than the solution of the plasma itself. 
In addition, the only theoretical result which finds application at present is 
the sheath thickness, and that occurs only as the correction to the discharge 
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tube radius which gives the plasma radius. Accordingly, the present treat- 
ment of the problem will be only approximate. The solution involves three 
simplifications of the general plasma-sheath equation. The first consists in 
the replacement of A?V by d?V/dr? as already noted in connection with Eq. 
(61). The second concerns the ion charge term of the general equation and 
results in the elimination of the integral. The third consists in dropping the 
electron charge term when it becomes negligible. 

Regarding the second simplification it is to be noted that in \ cases the 
low and rapidly decreasing electron density in the wall sheath suppresses 
the generation of ions there, and in any case, the thinness of the sheath will 
render its ion contribution negligible compared to that from the plasma. 
Hence the ion current density through the sheath can be assumed to be con- 
stant and to have the value calculated for sy. This value is equal to J,, the 
value at so, to within a quantity of the order of 5s, or 5n,?. To calculate the 
ion space charge the velocities of the ions must also be known. The plasma 
equation enables us to find the single velocity which is equivalent as regards 
space charge to the actual distribution of ion velocities at sz. The same steps 
that yield Eq. (58) lead to 


Tie = So? ho7e?" (67) 


where ny, is the 7 corresponding to the equivalent single velocity. A serious 
difficulty enters here, for it immediately appears that 7, is characteristic 
of ys, ss only. For exaniple, jo, corresponding to the single equivalent 
velocity of the stream at 7, So, is not 7,+46y,, but by combining Eqs. 
(57) and (67) it is found that 


ho = Tig + 2507 ho*e? ng = fig +1. 475ng (68) 


in Case CLX. This is indicated qualitatively in Fig. 6. If 7, and 7 repre- 
sented mean potentials of origin of the ions, the expected relation would have 
been correct. Actually the average here encountered is the reciprocal square 
of the mean reciprocal square root of ys—7 and no—7 respectively. In the 
present solution, however, we shall treat n, like a simple mean value rather 
than the complicated average which it really represents. The positive ion 
space charge in the sheath then becomes (m,/2kT.,)'"J, where 7.=7 
—netiix By Eq. (55A) this becomes enosohon,-/? and using this in place 
of the integral term in Eq. (4) we have 


d?V /dr?— Amenge—*+ 4renosohon,!/?=0 
which can be reduced to 
Ad?n/ds?+-e-*— sohon,-/2=0, (69) 
A being given by Eq. (59A). 
In order to bring this equation into a form which has already been treated 


by Langmuir*® it is convenhient to substitute for s(=ar) a new independ- 
ent variable £, which is defined by the following series of equations 


% T, Langmuir, Phys. Rev. 33, 976-980 (1929) Eq. (68). 
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dt=dr/x» (70) 
T y= ((2)!/2/9m)(e/my)!/?W 3/2/ x5" (71) 
W .=kT./e=T./11,600 (72) 


dé rather than ¢ being defined since the origin of £’s is better left indefinite 
for the present. The physical significance of W, and x, are evident from their 
relation to electron temperature and the simple space charge equation res- 
pectively. As the new variable appears in the first term only of Eq.(69), 
the substitution is most easily carried out by means of the relations 


ds? = a*dr? = a? x,*dt* 


followed by substitutions for x,? and W, from Eqs. (71) and (72). It is 
found that 


A/ds? = 9soho/ 4d? (73) 
d?n/d&* = (4/9) (n.-!!?—e-1/ soho) 


Integrating once, it is found that 
(dn/ dé)*— (dn/d8)g?= (16/9)n.t!2— g'!?— (1 ee) e%6/ 2s oho] 
Evaluating (dy/dé), by means of Eqs. (73), (61), (64), and (65) we find 
(dn/dt) 4? = (44/95 oho) bong. 


In order to proceed, a further approximation now becomes necessary. 
The quantities 7, and 44 must be replaced by 7 and jo throughout both the 
above equations. Thus 7, which was equivalent to n—ng+ i, is redefined 
as 7—%o+. Naturally, dy, can be written for dy in the derivatives. Making 
use of Eq. (58) to eliminate soho, the differential equation then becomes 


(dn./ dé)? — (4/9ijo"!*) ng = (16/9) [n./?— jol’?@—(1—e- tet) /2ijol?] (74) 


The right member now vanishes when 7 = (i.e. 7; = 0). The left member 
then tells us that the electric field at 0, so has the value which we had sup- 
posed it to have at m4, sy. Thus the effect of the last approximation has 
been to transfer the beginning of the sheath solution to mo, So as regards ion 
and electron space charge concentrations and ion velocities but to retain 
the correct value of initial electric field. 

The next integration has to be performed in three steps, namely; 
A. By expansion in a Taylor Series at 7, =o, giving 


Ns— No ding \ 


so that 





- l 
No ahaha 4ijo(tjo— 3) 


for the range jo<y.S2i. Putting jo=0.736 for Case CL X the value of 
€ for n, = 2%. bécomes 


= (3/2) io"! —4)-12 {in 


| = —0.449—1.23 In ($5ng). 
1,472 
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B. By quadrature of Eq. (74) neglecting (4/9%0'/2)¢5n,, giving for Case 
CL» 
Ns 1.472 2.944 4.416 


§—E]1.472 0 2.82 4.40 


in the range 27S 7, S 67. 
C. By integration of Eq. (74) neglecting the exponential (electron space 
charge) giving, finally 


£=(n,!/?-+2.88)(n.!/?—1.44)'/2?—0.10—1.23 In (dng) (75) 


for Case CLX when 7, = 67, € being measured from So. 

In Run 37a already cited, it was found that 6n,=0.045 when ¢=0.05. 
We have also found that the potential of the tube wall is given by n.= 
6.30 = 7. + — fo. whence n, = 5.88 and 


£.=5.16—1.23 In (pdng) (76) 


where £,, measures the sheath thickness on a non-conducting wall. Thus 
£. = 12.7 whereas the same ion current space charge limited in the absence of 
electrons would give 


f= (5.88)3/4=3.78. 


This sheath, then, is 3.3 times what might be called the normal thickness. 
In Run 346 (0.5 amp arc) 6n,=0.12 for ¢=0.05 and &, = 11.4. 

The exact sheath solution would not involve @ which is a measure of the 
error tolerated in the plasma solution before it is abandoned, and con- 
sequently the presence of ¢ can be used to estimate the degree of approx- 
imation involved in Eq. (75). Since 59, varies with ¢-%, the term which 
is variable in @¢ becomes —0.81 Ind. Thus a two-fold change in @ causes a 
change in £ of only +0.56 which is less than errors introduced in the in- 
tegration of Eq. (74). 

The relation between £,, and the tube radius is most readily obtained from 
Eq. (73). Putting p for As/so, the fraction of the tube radius occupied by 
the sheath, this gives 





p= (2/3s0)(A/soho)!*Ew. (77) 
In Case CLA this becomes 









p=1.662A!/%E. 
Whence, in Run 37a, p=0.015 and in Run 34b, p=0.065 


(78) 






V. EFFECT ON THE PLASMA OF AN 
Ion TEMPERATURE 


Up to this point the theoretical treatment of the plasma has been based 
on the assumption that newly formed ions start from rest, whereas it is 
most reasonable to suppose that they actually possess the velocity dis- 
tribution characteristic of the gas atoms from which they have just been 
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formed. W. Schottky’s treatment?’ of the short mean free path case includes 
consideration of such an ion temperature. Here the long free path case is 
handled. In view of the result that the difference in voltage between the 
potential maximum and the sheath edge is of the order of T./11,600 in the 
cases so far discussed, whereas any ion temperature effects would probably 
be confined to a voltage difference of T,/11,600, (T,=T,) this assumption 
appears to be justified in the main. Only in the neighborhood of the potential 
maximum could the ion temperature conceivably influence the result ap- 
preciably, and it is possible to evaluate there the first and second order 
corrections from this cause. 

Case PLJ will serve as the example. As before 7 denotes —eV/kT,, 
but in addition it is convenient to introduce uw to denote —eV/kT,. The 
plasma-sheath equation now takes the form 


Ary ebet— alt} f " exp (2-2) [1—P(—n)"”) ee, 


+f ‘ep (u—n)ag,} =0 (79) 


where P(x) =22-'/2f'e-"dt, and g=s(T./T,)' takes the place of s in the 
previous analyses. We shall not give the derivation of this equation. Let 
it suffice to point out that the first integral gives the density of the ac- 
celerated ions originating at values of 7,(or u,) less than n(oru) and the second 
integral gives the density of the retarded ions originating at values of 
n.(Or#,) greater than n(or pu) and that these expressions include the flow of 
ions across the potential maximum. The two integrals can be rearranged 
to give 


) q 
an f exp (u-nddq— ail? f exp (u— yz) P((u—yz)*!*)dge. 
0 0 
Assuming the solution 


= Bg?+Co'+ --- 
w= Bqg?+Cq*+ \, (80) 


wu. = Bq.?+Cq.t+ pears 


the first integral immediately above, which will be denoted by H,, becomes 
H=nite [ exp (— Bg,?—Cq.!— - - - dq. 
0 
Now, to the present degree of approximation 


Hy, = H, +C(dH,/dC)cuo 


C=0 





27 Schottky, Phys. Zeits. 25, 342 (1924). 
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by a Taylor Expansion, so that 


H, = rite f «8 a'dg.+C f —q,‘e* aa. | 
0 0 


H,=(x/2B"?)e[1—3C/4B?] =(x/2B"/)(1+4) [1—3C/4B?]. 


and 


The second integral expands to 
a=? fam n)*"+02/3) 4m) «Mae 
Using the assumed solution we have 
H,=2 f "[(Be?-+Cq'— Bg2— Bq.')"!+ (2/3)(Bg?+Cq'— Bg.?— Bg.*)*!*]dq, 
0 


and applying the same method as before 
Hz = (xB"g2/2)(1+Bg?/2+59°C/8B). 
Eq. (80) can be written 
q?=(u/B)(1—wC/B*+ ---). (81) 
Using this to express H; in terms of u we have 
H.= (xp /2B"!?)(1+p4/2—3Cyu/8B?). 
If 7,/T. be noted by r then »=7y and Eq. (79) can now be written 
A'V 2ute™—Hi+H2=0. 


Neglecting A’V ,2u, expanding e~™, substituting for H, and He, and equating 
sums of coefficients of like powers of u to zero, it is found that 
1—(x/2B"/2)(1—3C/4B?) =0 
—r—(x/2B"?)(1—3C/4B*)+2/2B'/?=0 
whence 
B=n?/4(1+7r)?, C=x'r/12(1+7)5. 
Noting that g?=s?/7 and u=7/r we thus find for Eq. (81) 
$= [2(1+7)n"!#/x] [1—2n/3(1+7)+ >> J 


for the plasma solution in the neighborhood of s=0, at which place, as has 
been pointed out, the ion temperature will have the maximum effect. Com- 
parison with the solution originally obtained (Table IIb) shows that the 
distortion introduced by the finite ion temperature is only of the order of 
T,/T., a very small quantity in most cases. 
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VI. PoTENTIAL DISTRIBUTION IN THE PLASMA 
Part II—INTERNAL PLASMA 


The cases hitherto treated have all dealt with outward motion (in the 
extreme case parallel motion) of the ions toward an external collector. 
If, however, a negatively charged electrode is placed in the midst of the 
plasma this electrode becomes surrounded by a potential maximum and an 
entirely new condition arises in which the ions generated inside that max- 
imum flow inward while those generated outside flow outward. Among 
the three plasma shapes already investigated it is evident that in the plane 
case the introduction of an additional infinite plane electrode parallel to 
the wallsleaves the problem formally unchanged. On the other hand, introduc- 
ing an axial cylindrical electrode in a cylindrical tube, or a central spherical 
electrode in a spherical bulb does change the problem. It is readily seen that 
the lower limit of the integral expressing the ion concentration in the plasma 
equation, Eq. (14) for instance, must lie at the potential maximum. Thus, 
to deal with the new cases, the zero limit of the integral has to be replaced 
by the finite value of s, say S, which corresponds to the radial distance of 
the potential maximum. Hence, the equation becomes, . 


ons f sPe-™*(9 — 9)! /2#ds, =0. (82) 
8 


As before, an expansion in series can be attempted, 
s—S=(2/x)n'*(1+am+t ---) 
outside the potential maximum and 
s—S=—(2/x)n!*(1+bin+ - - - ) 


inside the potential maximum. The coefficients a, de, ..., D:, be,..., are func- 
tions of S. Unfortunately, for the smaller values of S these series do not con- 
verge for all values of 7 less than mo with the result that rigorous solutions 
would be most complicated even if at all possible. It is questionable whether 
any involved mathematical investigation which is intended to cover 
electrodes of all sizes is justifiable.** 

But the case of a very small cylindrical collector is of particular impor- 
tance, because fine wires are often used experimentally as probes. In this 
instance the external plasma, namely that part of the plasma outside the 
potential maximum, very soon becomes indistinguishable from the plasma 
about an axial potential maximum and equations already derived can be 
applied. Inside the potential maximum an approximate mathematical 
method can be used. This method was employed before the rigorous solution 
of the long free path plasma equation had been found and applies strictly 


28 In the very short mean free path cases rigorous solutions are readily obtained. These 
solutions involve the zero order Bessel Functions of both the first and second kind in the 
cylindrical case and (cos s)/s as well as (sin s)/s in the spherical case. 
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only when ionization is uniform. It gives the comparative results shown in 
Table IIb. 

The approximation is made by supposing that the ion density at A 
Fig. (7) is caused by ions starting from the potentials lying on the broken 





—_ 





° $s S 


Fig. 7. Illustrating the approximation made in solving the internal plasma case. 


line As,S rather than from the potentials lying on the actual potential 
curve ABS. As; is tangent to ABS at A. On this basis 


nz=n+(s.—s)n’ when s<s,<s; 





7z=0 when 5s;<5s,<S 
S:—s=—n/1’. 


These are the quantities now to be introduced in the integral of Eq. (82) 
after making that equation apply to uniform ionization (e«~*=1) and to 
the cylindrical case (@=1). The integral breaks up into two parts 


8, S 
(—9’)-1/2 J $.(s.—s)~""ds,+-9-"/? f sds, 
& st 


which combine to 
n—1/2[(S?—s?)/2—sn/n'+(n/n’)?/6]. 


Dropping (n/n’)?/6 because it is always negligible we have the approximate 
differential equation for an internal cylindrical plasma 


e—"—1/2[ ($25?) /2s—n/n’] =0. 
The substitutions ¢o=s/S and ¢=7'”/S convert this equation to 


Qote > 4-62 + a¢do/dge—-1=0. (83) 













In the limit, when S is zero, e-5*?? =1 and 


2o¢+o2+oct¢de/dt—1=0. 
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The solution of this equation which satisfies the boundary conditions at 
s=5S, (i.e., at 7=1) namely, that ¢=0 and d¢/do=0 there, is 


2¢(o+$) +1n (1—20¢) =0 (85) 
or in terms of s and n, 


(2/S*)(n+sn'/?) +1n (1—2sn'/2/S?) =0. 


Fig. 8 is a plot of this limiting form of the plasma equation. With increasing 
n Eq. (85) rapidly approaches the limiting form 


Qot =1—e- "1 =1, 
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Fig. 8. Limiting form of potential distribution in plasma. 


Thus when 7!/2/S>1 the internal plasma solution may be written 
n=S4/4s?, (86) 


If as before, Eq. (61) be used as the criterion for the failure of the plasma 
solution as the sheath is approached, the limit of validity is again given 
by that equation. In our present approximations, however, ¢~* may be taken 
as unity and it is found that 


St/sg8=G/A, — 5g=S(A/$)"*, 9 =S*G19/4A12. 


Thus, choosing ¢=0.05 it is found in the two cases previously cited that 
s¢4=0.0571S, 79, =78.8S in the 8.0 amp. arc of Run 37a 
$4=0.123S, n,=16.3S in the 0.5 amp arc of Run 34b. 
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In order that errors arising from putting «€~*=1 should not be serious, 
it may be insisted that for the present approximation 7,<0.25. It follows 
that in Run 37a, S<0.056 whence s,< 3.2 107%, or in terms of fractional 
tube radius s,(int)/s,(ext)<4.110-%. In Run 34b these quantities come 
out S<0.124, s4<.0153, sy(int)/s,(ext)<0.0197. Thus, for the present 
formulae to hold within the approximations stated, the radius of the probe 
used in Run 37a would have to be somewhat less than 1/250th of the tube 
radius and in Run 34b somewhat less than 1/50th. Further quantitative 
relations depend on the possession of an adequate sheath theory for this 
case. 

A striking feature of the internal plasma is the very uniform potential 
throughout all but a small portion near the internal electrode. Thus Eq. 
(86) shows that when s=5S?/2 then »=S*. Accordingly, at least three- 
quarters of the ions generated in the internal plasma are formed at less than 
n= S* below the maximum. Even though S be as large as 0.1, the majority 
of these ions will possess enough thermal energy to cross the potential 
maximum and escape from the probe vicinity, for the ratio r=T,/T. 
is rarely less than 0.01. This means that the trapping of ions by the potential 
maximum is relatively unimportant in the case of a fine wire probe. Of the 
ions reaching the probe only a small fraction may originate within the in- 
ternal plasma; the vast majority have crossed the maximum from the out- 
side. Thus the negatively charged probe can be treated on the present 
theory just as it was on the old.?*.*° 

The important case appears to be that in which the collected current is 
limited by orbital motion. The equation for the resulting volt-ampere char- 
acteristic may be written*° 


i,?=(44°,2/m)(—eV./kT +1) (87) 


where i, is the positive ion current to the probe, A is the probe area, J, 
is the positive ion current density in the plasma about the probe, and 
V. is the negative probe voltage measured with respect to the potential 
maximum in the plasma. Thus if the square of the observed current 7, 
be plotted against the collector voltage V. a straight line will be obtained 
whose negative slope 2 is given by 


1,/T p'!2=(wk/4e) "2542/4 . (88) 


In the previous applications of this theory it has been assumed that J, 
at the tube axis was substantially equal to its value at the wall, and on this 
basis values of T, were calculated which were comparable with 7,. It will 
be observed, however, that in view of the general kinetic theory relation 


-(I/e)T'2 =n(k/2em)"/?. (89) 


29 L and M-S, Part I. The next few equations are taken directly from this article. 
30H. M. Mott-Smith and I. Langmuir, Phys. Rev. 28, 727 (1926). 
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Eq. (88) can say nothing regarding J, and 7, individually. It can yield 
only the ion density in the plasma near the probe 


2» = (wm,/2e)'/2E1/2/Ae=3.32X10"(m,/m,)!2E/2/A cm-3 


if = is expressed in amp. volt~?. It might appear possible to use the ad- 
dition of unity to —eV./kT, in the second factor in the right member of 
Eq. (87) for determining T, and J,, but the extrapolation required and the 
uncertainty of the zero point of V. among other factors make such an at- 
tempt futile. 

Although Langmuir and Mott-Smith have apparently used this method 
for measuring ion density with success, two difficulties appeared in the tests 
already tabulated in Table III. The first is evident in the table, namely 
that the apparent density (Column 6) obtained for the ions in this way has 
approximately twice the value of the density found either by Eq. (55) or 
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from the positive branch of the volt-ampere characteristic of the probe, as 
treated in Section VII. The second difficulty is illustrated by Fig. 9, where 
it is seen that the straight line coinciding with the upper portion of the curve 
cuts the axis not at the space potential as theoretically required, but some 
6v. negative to it. Only the first run was normal in this respect. Neither 
of these difficulties casts serious doubt on the proposed theory; because the 
questions raised pertain rather to the theory of the collector. Quite apart 
from any plasma theory the ionization densities as determined from the two 
ends of the volt-ampere characteristic should agiee, and yet there is the 
two-fold difference between Columns 6 and 7 of Table III. 

If probes of greater and greater diameter be employed there are two im- 
portant effects. The diameter of the potential maximum increases and as 
a first result the number of ions generated in the internal plasma increases 
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more rapidly than the number crossing inward over the potential max- 
imum. This occurs because the former number is roughly proportional to 
the cross sectional area of the internal plasma, while the latter is proportional 
to the perimeter of the cross-section. As a second result the average potential 
within the internal plasma decreases with respect to the maximum so that 
a smaller proportion of the ions generated inside the maximum escape. 
The progression of these two factors thus accomplishes the transition from 
the condition where the small electrode only intercepts a part of the low 
temperature random ion current which is flowing around it to the condition 
where the large electrode determines a volume in the plasma from which 
it drains all the ions generated there. 


VII. PoTENTIAL DISTRIBUTION IN THE PLASMA 
Part III—TuHeE Vicinity OF A POSITIVELY 
CHARGED ELECTRODE 


It has been pointed out that if an electrode whose exposed area is just 
sufficient to receive a random electron current equal to the arc current, 
be used as anode, there is zero anode drop.*! If the electrode area is greater 
than this critical area the anode drop is negative, if less than this positive. 
A collector having an area equal to or greater than this critical area in a 
discharge tube carrying a fixed arc current can be maintained at any de- 
sired potential negative to the plasma without having any material effect 
on the plasma potential, as this is fixed by the anode. If, now, the collector 
potential is raised past the anode potential, the collector becomes anode and 
the plasma potential rises with it, the original anode thus taking the role of 
negative collector. Only when the electrode area is but a small fraction of 
the critical area can it be maintained at a voltage considerably positive 
with respect to the plasma. 

The simplest case to consider is that of a small wire in a plasma of large 
dimensions relative to it. This case has not, as yet, been treated quanti- 
tatively since qualitative considerations seem to suffice for the present. 
The potential distribution is of the type shown in Fig. 10. The space charge 
in the sheath is made up of orbital electrons and out-going ions which have 
been generated in the sheath and whose space charge contribution may 
be very small except near the sheath edge. The electric field decreases to 
zero (or at least a very small value) at the sheath-edge or plasma potential 
maximum, and from that point out the potential distribution is approxi- 
mately normal. There are two disturbing factors, the drain of electrons from 
the plasma and the ions flowing outward from the sheath. Over wide ranges 
of potential on a fine wire the former results in only a very small electron 
deficiency and even when this becomes considerable it is compensated by 
the proportional decrease in ion generation. The second factor can be 
compensated by a slight increase in curvature of the plasma potential 
curve which causes a decrease in the space charge contribution from ions 
generated immediately outside the sheath edge. Thus a positively charged 


3 L and M-S, Part IV, p. 766. 
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electrode of this type does not affect more than a small region in the plasma 
and the theory of electron collection which calls for a straight line 7,2—V 
plot as previously outlined applies. Ionization densities calculated in this 
way have already been given in comparison with the results of other meth- 
ods in Table IIT. 

It is probable that the thickness of the electron sheaths in such cases 
is considerably greater than the value obtained from the ordinary space 
charge equation because of neutralization of electron space charge by ions 
generated within the sheath. They are generated there at a greater rate 
per electron than at the plasma potential maximum because of the higher 
electron velocities. But this greater rate of generation does not lead to 
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Fig. 10. Potential near a positively charged cylinder. 


a net positive charge as the large electric field rapidly gives the ions consider- 
able velocities. At the plasma potential maximum, however, the space 
charge neutralization is practically complete. Accordingly, near the sheath 
edge (plasma potential maximum) and for some distance within it there 
will be appreciable neutralization of electron space charge by the ions. The 
resulting increase in the sheath thickness may be sufficient to make orbital 
motion the factor limiting the current to the electrode even with electrodes 
of comparatively large diameter. ‘Such a collector has actually been found to 
give an approximately linear i,2— V plot at small positive potentials.™ 

A more complicated case is that of a small positively charged electrode 
on the tube wall. Collector H,* a square plate 1.9 cm on a side, bent to 
fit the wall of the 3.2 cm diameter discharge is such an electrode. Fig. 4* 
shows that with 2 amps. leaving the cathode, a constant current of 1 amp 
reached this collector in the voltage range —10 to —5v measured with res- 


LL and M-S, Part I, p. 455, and Part III, Fig. 10. 
33 See Section VIII (3). 

* L and MGS, Part III, Fig. 11. 

% L and M-S, Part II, Figs. 3 and 4. 
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pect to the anode. The present theory makes a rough calculation of the mag- 
nitude of this current possible.** As the potential of H was increased up to 
—10v,the maximum plasma potential opposite it in the diseharge tube re- 
mained fixed at —10v. (Strictly speaking, of course, there is no potential 
maximum in the plasma near H because of the arc gradient, but the resulting 
differences of potential over the width of Hare so small compared to the radial 
plasma potential differences that the arc gradient is neglected in the present 
discussion.) If, as the potential of H with respect to anode was still further 
raised (the total arc current being maintained constant at 2 amp.), the plasma 
had tended to rise with it, the whole arc current would have flowed to it 
immediately. This is what would occur with a collector somewhat larger 
than H, as was pointed out at the beginning of this section. But as H varies 
from —10 to —5v the maximum plasma potential opposite remains practi- 
cally constant at —10v. The existence of the saturation current is then ac- 
counted for in the usual way by the formation of an electron sheath over 
H so that the whole random electron current crossing the sheath edge is 
captured by H, whereas no ions can reach it. 

A fairly good approximation to the conditions in the adjacent plasma 
when #/ is drawing its saturation current would be obtained if H were re- 
placed by an orifice in the tube wall opening into a second discharge tube iden- 
tical with the first in size as well as excitation. The most important difference 
is that in this hypothetical case electrons travel both ways through the ori- 
fice, but this is not thought to be an essential difference since the actual 
one-way flow results to a first approximation only in lowering the electron 
density to one-half, the ion density dropping in proportion due to the pro- 
portional ionization. Our hypothetical picture shows that for small openings 
there is a saddle-like potential distribution in the hole, the pommel lying 
in one tube, the cantle in the other. As the size of the hole is increased the 
plasma maxima in the two tubes approach each other along the hole axis, 
finally merging into a single maximum at the center of the hole. This size 
undoubtedly corresponds to the size at which H would become anode as 
soon as it reached plasma potential. Since this did not happen, the plasma 
maximum lies some distance from the edge of the sheath on H. Thus we 
may adopt the plasma maximum as the upper limit of the plasma potential 
in contact with the sheath edge at the center of H. 

The radial motion of the ions over the cross-section of the hypothetical 
hole is.so similar to their motion in a cylinder that we are led to use the same 
mean value of e~* over the sheath edge of H as over the cross-section of a 
cylinder, namely, 24) [Eq. (53)]. Then applying the Boltzmann Equation 
to the electrons at the sheath edge the current density is found to be 


e~"ne(kT ./24m,)'!? 
at any point of H and to average 
” 1,=2hono( kT ./2em,)"!2 
over the whole of H. 


% See also the treatment of this given by I. Langmuir, Phys. Rev. 33, (1929). 
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The use of the Boltzmann Equation in this case where accelerating fields 
are involved needs some justification. The hole analogy indicates that the 
plasma equipotentials are perpendicular to H at the sheath edge, so that 
with respect to tube radii the plasma potential at #7 is a minimum. In addi- 
tion the accelerating field from the edge of H toward its center is similar in 
nature to the accelerating field toward the axis of the discharge tube which 
does not lead to any apparent discrepancies, and the flow of electrons toward 
H across the sheath edge is analogous to their longitudinal drift in the dis- 
charge tube. The chief effect of the accelerating field at His to reduce the 
electron density at the sheath edge everywhere to one-half normal, the effect 
of which has already been dealt with. 

Combining the equation for J, with Eq.(55) the ratio of J, to J, is found 
to be 


T/T p=(m,/m,)'!2/x"!259 


90 
=0.731(m,/m,)'? (90) 


which, in the case of Hg gives J./J,=444, as an upper limit. This is to be 
compared with the average experimental value 380 of six low pressure runs.*” 


VIII. GENERAL ARC RELATIONS 


It will be shown in this section that the plasma balance equation com- 
pletes the number of relations necessary to determine all the variables of 
the positive column of an arc as a function of one of them. Although all 
these relations are recognized qualitatively, the complete quantitative for- 
mulation of certain ones is lacking. For this reason the discussion under- 
taken here is to be regarded as suggestive of the possibilities offered by the 
theory and also as serving, perhaps, to define the problems still awaiting 
solution. 

The variable quantities involved in the positive column of an arc may be 
divided into two classes, the independent and the dependent. Among the 
former belong the gas used, the tube radius a, the gas pressure p,, and the 
wall temperature, which, in case the atomic mean free path is comparable 
with a, may be used for the gas temperature 7,. One of the arc variables 
proper must also be included in this category—experimentally it is usually 
the total arc current ig. The dependent variables are, therefore, the axial 
electric field Z, the electron density in the axis mo, the electron temperature 
T., the positive ion current density at the wall J,, and the number of ions 
generated per electron per second,A. These variables are five in number and 
five equations will be required for their complete determination. These 
equations, involving various more or less accurately known relations and 
constants will be discussed individually for the low pressure (Case CLA) arc. 

(1) The Plasma Balance Equation. Eq. (46). This is the essentially new 
equation given by the present theory. When the wall sheath is not thin the 
tube radius a must be corrected by using Eq. (77). Further, this equation 


37 L and M-S, Part II, Table III, Runs 34b to 37a. 
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only applies strictly when ions are formed by a one-stage process, for only 
in that case is the ion generation at a point proportional to electron density. 
In the hypothetical case that ion generation is entirely a two stage process, 
the rate would tend toward proportionality to the square of the electron 
density. Now the transition from uniform ion generation to ion generation 
proportional to the first power of electron density causes sp to go from 0.5828 
to 0.7722. Hence the further complete transition to proportionality to the 
square of the electron density would probably cause a further comparable 
increase in So. It seems probable, however, that not until high arc current 
densities and high gas pressures as well are reached will this effect qn so 
become considerable, for so depends on the distribution of the ion production 
through the tube cross-section and not on its magnitude. Thus the ionization 
of excited atoms may be contributing effectively to the total ionization, there- 
by causing the “constant” A to increase with zg, but as long as these excited 
atoms are distributed with fair uniformity over the tube cross-section (as in 
the case at low pressure) 59 will be but slightly affected. 

(2) The Ion-Current Equation, Eq. (55A). Deviations from the one- 
stage ionization process will also affect the accuracy of this equation. But 
since Sof9 changes only from 0.2914 to 0.2703 in passing from uniform to 
proportional ion generation this equation is much less dependent on ioniza- 
tion mechanism than is the plasma balance equation. 

(3) The Ion Generation Equation. In accounting for the ion generation 
Killian** has assumed that the ionizing is done by those electrons in a normal 
M. D. which possess velocities greater than the equivalent of the ionization 
potential V; of the gas. As Killian points out, it is sufficient for this purpose 
to represent the ionization probabilities at the lower voltages only and these 
are given accurately enough by the relation 


P=B(p,/T.)(W—Vi) (91) 


where P is the number of ions generated per electron per cm of path at 
gas pressure p, and temperature 7, (the really significant variable is density) 
and where W is the equivalent voltage of the ionizing electrons, V; is the 
gas ionization potential, and 6 is an experimentally determined constant. 
It is the slope of the P vs. W curve reduced to unit pressure and temperature. 
Using W, for T./11,600 the calculation of \ on the basis stated gives 


A=6.70X107B(p,/T ,)W .2/2(24+-Vi/W evil (92) 


Judging from the shape of the experimental probability curves*® it seems 
more reasonable to assume that initially P is proportional to the excess 
velocity of the electron rather than its excess energy. The only effect of 
this assumption is to change the 2 in the parenthesis of Eq. (92) to 3/2. 
Thus, putting 


fr=6.70X 107(W ./V5)*/2(3/24+Vi/W evil (93) 


38 Forthcoming article in THe Paysicat REVIEW. 
3% K. T. Compton and C. C. Van Voorhis, Fig. 6, Phys. Rev. 26, 436 (1925) and T. J. 
Jones, Fig. 2, Phys. Rev. 29, 822 (1927). 
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and 


a = BV 3!*(p./T 4) (94) 


we have 
A=ayfr. (95) 


A plot of f, facilitating calculations of \ is given in Fig. 11. From Compton 
and Van Voorhis 6p,/T, is 1.4 where $,=1 mm=1330 baryes and T, is 
room temperature, that is about 300°K.*° Thus 8=0.31 for mercury vapor. 
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Fig. 11. Variation of relative ionizing power of electrons with their equivalent voltage. 


Also, V;=10.4. For the case illustrated in Fig. 3 we may assume T, =400°K 
roughly. Correcting 0.27 baryes, the vapor pressure of Hg which is saturated 
at 1.4°C, for thermal effusion it is found that p,=0.33 baryes, whence 
a, =0.0086. Since 7,=38,800°K,V;/W.=3.11 and from Fig.(11) f,=2.5 
X 10° giving \ = 2.1 X 10‘. Eq. (48) can also give avalue of A. Using a =3.1 it 
is found that \=4.5 X10‘ which is rather satisfactory agreement in view of 
(a), large uncertainties in 8, and (b), the large errors in f, which arise from 
small errors in 7,. , 

Thus the plasma balance equation and the ion generation equation to- 
gether constitute a pair of simultaneous equations in the variables \ and 7, 


‘0 By letter K. T. Compton has explained’that the pressure of 1 mm, given in Fig. 6 (loc. 
cit.) corresponds to the initial temperature of the ionization compartment before any heating 
occurred there. 
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only, which should fix these two arc variables irrespective of the others. 
The simultaneous graphical solution of the two equations is given by Fig. 12. 
The relatively small changes in 7, for large changes in a and. ay is evident. 

The fact, however, that 7, does vary with arc current, decreasing in 
general with increasing current, indicates that two-stage ionization processes 
contribute appreciably to the total ionization. How important such pro- 
cesses may be is shown by a comparison of the values of \ given in the last 
two columns of Table I. These values were calculated in the same way as 
the values of \ for Killian’s results. The fifth column gives the rate of ion 
generation necessary to maintain the plasma, the last column the rate at 
which the one-stage process can supply ions. The rapid failure of this source 
of ionization with increasing arc current is evident. 
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Fig. 12. Simultaneous solution of plasma-balance and one-stage 
ionization equations. 


Unfortunately a new element of uncertainty has been introduced in 
the attempt to confirm Eq. (95) further by the additional experiments 
already mentioned in connection with Table III. It is to be noted that the 
electron temperatures there listed are considerably lower than those found 
by Killian, who for instance found 38,800° under apparently the same con- 
ditions as those which gave us 27,800° as listed in the second row of Table 
III. 

(4) Mobility Equation. Killian has used** Langevin’s Mobility Equation 


oMe=0.75el./m.de (96) 


where y, is the electron mobility, 7, the electron mean free path and 6, the 
average thermal velocity, to calculate the electron mean free path from thearc 
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current 7,, arc gradient Z, and N the number of electrons per cm length of 
column through the relation 


ip=NepZ (97) 


The value so obtained checks well with the accepted value. Combining 
these two equations and noting at the same time that 5,=2(2k7T./mm,)'/? 
and that N, is given by Eq. (54), it is found that 


ip =0.75a°!2hge2a2nol Z/(m-kT .)'!? (98) 
=8.7X10-"a2nol Z/T '? (99) 


for Hg in practical units. 

(5) Energy Balance Equation. Although the types of energy loss in the 
positive column are probably known, their quantitative formulation is not 
possible as yet. The power input is, of course, igZ per cm of tube. Of this, 
the kinetic energy of the ions striking the wall accounts for approximately 
2ral,(nw—0.3)RT./e ergs -sec—1, the 0.3 being estimated as the average 
potential drop in the plasma. The electrons striking the wall account for 
2ral,2kT./e and the heat of recombination for 2raZ,V; watts. In addition, 
the ions will, on the average, have fallen through various distances parallel 
to the axis before striking the wall and will therefore dissipate additional 
energy there. The energy which the electrons lose in their elastic collisions 
is probably negligible,** but this cannot be true of their inelastic collisions 
which do not lead to ionization, those which do lead to ionization having 
already been counted at the wall. Certain unknown probabilities are involved 
in these processes but no new arc variables. 

The power immediately accounted for is thus 


2ral,(8.07./11,600+V;] watts. 


Applying this to two typical cases, a 1 amp and an 8 amp arc at low pressure*! 
it is found that only 0.31 to 0.28 of the energy is accounted for in this way, 
necessitating a detailed investigation of the radiation loss and of the other 
more obscure factors. 

Schottky’ treatment of the positive column. In his arc theory Schottky” 
combines his plasma solution directly with the plausible assumption that 
N.AX is proportional to 7,Z for different tube diameters to obtain the import- 
ant result that arc gradient is inversely proportional to tube diameter if 
electron and ion mobilities remain constant. Certain experiments of Claude 
in neon in which the product Za [Schottky’s (@V/0Z)-R] was found to be 
constant appear to confirm the original assumption. The practical value 
of this treatment cannot be denied, but from a more fundamental point 
of view such a short cut evades some of the basic relations in an arc, all of 
which must be woven into any comprehensive theory. 


41 Runs 35a and 37a of L and M-S, Part II, Table III. 
# W. Schottky, Phys. Zeits. 25, 635 (1924). 
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Stability and oscillations. The plasma balance equation represents an 
equilibrium but it is not obvious that it is a stable equilibrium. Instability 
of one type in a mercury cathode arc is certainly shown by its negative re- 
sistance. But there seem to be other possibilities also. Thus if we suppose 
that due to statistical fluctuations in the electron velocities the rate of genera- 
tion of ions in a certain cross section of a positive column is momentarily 
A+6\ what will ensue? The plasma balance equation tells us that A+6A 
corresponds to a smaller tube diameter than X, that is, that the plasma field 
is stronger and that the ions will, consequently, flow out faster. But this 
increased field and increased positive ion density result in an increased poten- 
tial at the tube axis in this region, at least while the excess ions are flowing 
away. This, in turn, by unduly accelerating electrons causes further excess 
ionization in this cross-section. At the same time, to the anode side of this 
region there will be a deficiency of ionization, for there the arc gradient will 
be less than normal. Will such a lump of excess ionization be dissipated 
more rapidly than renewed? Will the general drift of ions toward the 
cathode carry it as a wave in that direction? 

If a positive column is maintained by an anode of such size that it has 
a negative anode drop, there is an absolute potential maximum in the plasma 
near the anode. At that place one should expect to find more and more 
electrons trapped because of inelastic collisions made nearby. This would 
mean a progressive decrease in their effective temperature. Does the same 
mechanism which accomplishes the rapid recovery of adisturbed M. D. else- 
where in the positive column operate in this region also, preventing the aver- 
age electron energy from decreasing? Ordo the electrons accumulate toa de- 
gree where new forces predominate which allow them to dissipate once 
more? 

A study along the lines indicated by these and possibly other similar 
questions may lead to further insight into the oscillation behavior of arcs. 
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INELASTIC COLLISIONS IN MERCURY VAPOR 
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ABSTRACT 


A narrow beam of electrons from a hot cathode is taken from a space containing 
Hg vapor and is spread out into a spectrum in a magnetic field. The intensities of the 
components of the spectrum corresponding to energy losses equivalent to 4.9, 6.7 and 
8.8 volts are measured as a function of the initial energy of the electrons. The in- 
tensity in each case reaches a distinct maximum within a few volts of the excitation 
potential of that component. Other energy losses are detected but have such low 
intensities that they are not measured. 


INTRODUCTION 


Spree closely related methods present themselves for the study of the 
mechanics of the valence electrons in the atom; the one the spectro- 
scopic study of the light emitted, the other the electrical measurement of 
the energy losses of impacting electrons. The first, with its highly 
developed technique and high resolving power, has contributed most to 
our knowledge of the atom. The second, in spite of its vastly inferior ability 
to separate neighboring atomic states, has given us a direct verification of 
a fundamental hypothesis concerning the internal mechanics of the atom. 

It should be pointed but, however, that the two methods do not measure 
quite the same thing. If we are interested in the mechanics of the collision 
between an electron and an atom it is to the electrical method, despite 
its poor resolving power, that we must go. The emission of radiation may 
be a very indirect consequence of the collisions, being subject to selection 
principles and to the effects of collisions of the second kind. The study of 
the residual energies of colliding electrons possesses the great advantage 
of directness in the study of collision problems. 

White,! Valasek,? and Crozier,? have made spectroscopic studies of the 
intensity of the lines in the arc spectrum of mercury. By their experiments 
some light, rather indirect, has been thrown upon the relative frequencies 
of the various types of ‘electronic collisions. Eldridge* devised a direct 
method of determining the probabilities of the collisions in mercury vapor. 
More recently Langmuir and Jones® have found values of the probabilities 
of the most prominent types of collisions in several gases, but only at voltages 
considerably higher than the ionizing potentials of the gases used. A more 
direct method than the one last cited and one that can be used at lower 


1 White, Phys. Rev. 28, 1125 (1926). 

? Valasek, Phys. Rev. 29, 817 (1927). 

3 Crozier, Phys. Rev. 31, 800 (1928). 

‘ Eldridge, Phys. Rev. 20, 456 (1922). 

§ Langmuir and Jones, Phys. Rev. 31, 357 (1928). 
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voltage is desirable, and in this paper such a method and the results obtained 
by its use are described. 


APPARATUS 


In the present experiment the electrons, after suffering collisions in mer- 
cury vapor, pass to a region of high vacuum and are there separated by a 
magnetic field into a “velocity spectrum.” Hughes and Jones® have used a 
similar method with helium but without detection of any inelastic collisions. 

The form taken by the apparatus can be seen from Fig. 1. The electrons 
emitted by the filament F are accelerated by a potential applied between 
F and the cylinder C. After numerous collisions with the mercury atoms a 
fraction of the current passes through the slit S. The magnetic field produced 
by the current in the coil M causes the electrons to move in circular paths 
as shown by the dashed lines. By proper adjustment of the magnetic field 
electrons of any desired energy may be caused to pass through the slit S’ in 





Fig. 1. Horizontal section of apparatus. 


the vane V to the collector E, which is placed at the beam focus conjugate 
to the slit S. The current to £ is measured by an electrometer shunted by 
a radio-active leak. A represents the wall of the evacuated tube and D is 
a metal cylinder which forms the wall of the defiection chamber. 

The approximate dimensions and the materials used are as follows: 
F, 5 mm unthoriated tungsten wire 1 cm in length; C, molybdenum cylinder 
of 5 mm radius; H, copper tube of 8 mm radius; D, molybdenum cylinder of 
6 cm radius; S, slit, 0.15 mm; S’, 103 mm aperture in molybdenum vane; 
E, 20 mil molybdenum wire; distance S to S’, 2 cm; coil M, 200 turns of 
15 cm radius. 

The radius of curvature, 7, of the electronic orbit is given in terms of 
mass, velocity, charge and magnetic field by the expression r=mv/ell. 
Use of the energy equation Ve=3mv’, gives 


* Hughes and Jones, Phys. Rev. 29, 214 (1927) (Abstract 31). 
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V =r2H2/2m. 
Substituting the dimensions of the apparatus and reducing to practical units 
V=10.4/?. 


Here J is the current in the coil M, and V is the residual “energy in volts” 
of the electron as it emerges from the slit S. 

This agrees with the observed relationship as shown in Fig. 2 except at 
low values of the field. The voltages are as read and neglect the initial 
velocity of the electrons at emission; as shown in Fig. 5, this amounts to 
about half a volt and will raise the observed (solid) curve to this extent but 
will still leave a puzzling difference between the curves. The observed curve 
may, however, be used to correlate energies with the deflecting fields. 

In preliminary experiments it was found impracticable to locate a def- 
inite focus of the electron beam by purely geometric considerations; for this 
reason a flexible probe S is used which can be placed in any desired position 






































20) 
32 
224 
= | 
7 16 
8 
Oo of 0B 1216 20 
Magnetic field 
Fig. 2. Relationship between mag- Fig. 3. Vertical section of appara- 
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in volts of the electrons collected. 


and by which the shape of the deviated beam can be explored throughout 
its path. This probe consists of along wire operated by two threads 
wound on ground glass winches. The focus remains only approximately 
fixed as the voltage is changed, but it is not necessary to move the probe 
during a run. 

The deflection chamber is large and of a single metal to avoid warping 
of the electron path by contact potentials. 

Figure 3 is a schematic diagram to represent a vertical section of the 
apparatus. 7 is a glass tube, the top end of which is closed by the molybdenum 
cylinder C containing the slit S. On the axis of the cylinder and opposite 
the slit is a filament F. At the bottom of the tube T is a side tube containing 
mercury; by means of the electrical furnace B this can be heated to any 
desired temperature. T can be superheated by the 20 mil tungsten wire G. 
Inside the large glass tube A is the molybdenum cylinder D and the molyb- 
denum vane V (shown in Fig.1.). D is partly closed at top and bottom and 
















































926 JOHN D. WHITNEY 
serves to shield the region in which the electrons move. This shield is 
supported on a copper tube H which is waxed into the neck of the large 
glass tube. There is a window in H opposite the slit S. £ is the collector, 
made of fine molybdenum wire fastened to piano wire. It can be moved to 
any desired position in the tube by means of the winches shown at K and L 
(L being similar to K). All of E except a 1.5 cm length at the tip is covered 
by a glass tube which in turn is covered by a grounded copper sheath. 
O is a container for liquid oxygen, W indicates sealing wax joints (water- 
cooled where necessary) and M is the coil furnishing the magnetic field. 

It seemed a priori very probable that the electrons passing outward 
through the slit would be a fair sample of those present in the cylinder. 
As a matter of fact I found that, unless special precautions were taken, 
this was not the case and that an unduly small proportion of the slower 
electrons were received into the outer cylinder. As another illustration of 
this effect I may cite the following observation. With an ordinary three- 
element tube as used by Franck and Hertz it is customary to put a slight 
retarding potential upon the anode to discriminate against the lower electrons 
and so produce the characteristic peaks in the curve. While this is the theory 
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and the usual practice, it is often found that the tube works in very much - 
the same fashion without the retarding potential; the slower electrons 
very largely fail to penetrate the grid. The reason for this is not al- 
together clear. With larger currents the space charge undoubtedly plays 
a role; also, surface contamination due in part to the thorium distillate 
from activated tungsten cathodes seems to have an important influence. 
As a result of preliminary experimentation, I found that the difficulty could 
be overcome by using small currents, using molybdenum for the metal 
parts, cleaning up the surface by cathodic bombardment and using unacti- 
vated tungsten for the cathode. (This was very kindly furnished by Dr. 
Saul Dushman of the General Electric Company). 

Since the attainment of a neutral slit, that is, one which transmits 
slow and fast electrons in the same ratio as they are received by the cylinder 
as a whole, is the sine qua non of a quantitative method, and since this was 
obtained only after considerable experimentation, I show in Fig. 4 and Fig. 5 
curves representing the behavior of the slit before and after bombardment. 
These curves were taken in the absence of mercury vapor. They show the 
current to the cylinder C, and to a different scale, that through the slit 
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to the cylinder D from an unactivated tungsten filament. Both curves in 
Figure 5 show satisfactory saturation characteristics after the cleaning 
process; before baking out (Fig. 4) the slower electrons cannot penetrate 
the slit. Curves taken with activated filaments or with larger currents show 
extremely bad characteristics. 

The region inside the cylinder C should be as nearly equipotential as 
possible. Under the conditions of the experiment the effect of space is negli- 
gible and the potential is that of the cylindrical condenser. With the present 
dimensions this gives a potential within 20 percent of that of the cylinder 
2 mm from the cathode which is not unsatisfactory. 

Electrons upon striking the probe or other part of the tube may be 
either reflected without velocity loss (as in the Davisson-Germer experiment) 
or cause the emission of very slow electrons. This last effect is very important 
and may give a reversal in the current to the collector when the incident 
energy is above 20 equivalent volts. The effect could probably be avoided 
by using a small Faraday cylinder for collector; the difficulty can also be 
overcome by giving the collector a small positive potential. The latter was 
the method used in this experiment. 


EXPERIMENTAL RESULTS 


The curves obtained in one of the runs are shown in Fig. 6. The mercury 
was at a pressure corresponding to a temperature of 94°C, at which pressure 
the mean free path, while depending somewhat on voltage, is low enough 
so that the average electron escaping from the cylinder has made several 
collisions and the number does not vary markedly with voltage. 

Ordinates on the curves are proportional to the current to the conductor. 
The upper row of abscissas gives the current in the field coil; the lower row 
gives the energy equivalent in volts of the electrons collected. The accelerat- 
ing potential is indicated at the right of each curve. The peaks due to those 
electrons which have made only elastic collisions are not completely drawn 
in but the maximum height of each is indicated in units equal to those in 

-which the sheet is ruled. 

The principal peak, corresponding to electrons which have suffered no 
energy losses, appears at increasingly higher magnetic fields as the accelerat- 
ing potential is raised, in accordance with the relationship between field 
and voltage given in Fig. 2. The marked increase in height of this peak 
will be discussed later. 

The curve for 5 volt electrons shows that, within the limits of measure- 
ment, all of the collisions are elastic. (It is important here to remember 
that the chamber is not strictly equipotential). The curve for 5.5 volts 
shows, in addition to the main peak, a small but distinct peak appearing at 
that value of the field which brings to the collector electrons of about 0.5 
volts energy. This peak is due to those electrons which have lost 4.9 volts 
at collisions with mercury atoms inside the cylinder. At 6 volts this peak 
has increased in size and, since it now represents 1.1 volt electrons, appears 
at a slightly higher field. It continues to increase in size for a few volts 

but beginning with the 10 volt curve it becomes of less importance. 
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The curves for 7 and 8 volts show a partially resolved peak on the left 
side of the peak due to the 4.9 volt losses. It corresponds to an energy 
loss of about 5.7 volts but is more probably due to the excitation of the metas- 
table 2°P; level which requires a loss of 5.45 volts. It is so poorly resolved 
that no attempt is made to measure its importance in a quantitative manner. 

The curve for 8 volts shows a small third peak corresponding to electrons 
which have between 1 and 2 volts of energy and which is to be identified 
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Fig. 6. Set of curves taken with Hg present at a temperature of 94°C. 


with the 6.7 volt loss. This type of collision is seen to be improbable at 
voltages slightly above the critical value but the peak increases in size more 
or less steadily up to as high values as were used in this experiment. At 
15 volts and above, it is by far the most important of those peaks due to 
inelastic collisions. 

The curves in Fig. 8 show no evidence of losses of 7.7—7.9 volts, corres- 
ponding to transitions to the 2°S or 2'S states. This type of collisions must 
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be rather unlikely, the neighboring 6.7 volt peak hiding whatever trace of 
it there may be present. A peak showing losses of approximately 8.8 volts 
appears above 11 volts (see the 3 volt peak on the 12 volt curve). 

Above this occur two peaks which are not positively identified; in the 
15 volt curve peaks appear at 5.3 and 3.4 volts, corresponding to losses of 
9.7 and 11.7 volts. The former may be due to double 4.9 volt losses and 
the latter to a 6.7 and a 4.9 volt combination. The first of these persists 
at higher voltages and appears at approximately the proper position. It 
is difficult, however, to identify it with the multiple 4.9 volt losses at these 
higher voltages since with increasing voltage such losses become increasingly 
improbable; in the 21 volt curve this peak is more prominent than the 
peak due to single 4.9 volt losses. The second peak, which at 15 volts is 
probably due to 6.7 and 4.9 volt combination, changes its relative position 
at higher voltages and appears then to represent a loss of about 10.8 volts. 
A peak is found with great consistency in this position in curves taken at 
other temperatures. At 31 volts this peak is comparable in height with the 
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one representing two 6.7 volt losses. It seems unlikely that at these higher 
voltages the peak is due to the 6.7 and 4.9 volt combination; it may be due 
to 10.4 volt losses involving ionization. 

The other peaks in the higher voltage curves are due to electrons which 
have made more than one inelastic collision involving the loss of 6.7 volts. 

In analyzing the curves of Fig. 6 account is first taken of the fact that 
the apparatus does not collect slow and fast electrons with the same effective- 
ness. In order to correct the curves in Fig. 6 for this effect the heights of 
the current peaks for voltages from 0 to 40 are recorded under conditions 
identical with those obtaining when the data for Fig. 6 were taken. From 
Fig. 7 the heights of the peaks in Fig. 6 are corrected. The areas under the 
corrected peaks are measured and the ratio of the area due to those electrons 
which have lost 4.9 volts to the area due to those which have lost no energy 
at all is calculated for each value of accelerating potential used. This ratio 
is shown as a function of accelerating potential in Fig. 8, with similar curves 
for the 6.7 and 8.8 volt types of inelastic collisions. 
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930 JOHN D. WHITNEY 
The three curves in Fig. 8, while resembling each other in that each 
shows a distinct maximum, differ in at least one important respect. This 
is their behavior near their critical voltages. The one representing the 4.9 
volt energy losses has attained its maximum value within less than three 
volts of its critical voltage, while the curve for the 6.7 volt losses and the 
8.8 volt losses is less striking but is still quite distinct. 

The reasons for the irregularities in the curves between 8 and 11 volts 
are not understood, but since they consistently appear in other sets of curves 
taken under varying conditions, I believe they have some real significance. 


DISCUSSION 


A very fundamental discrepancy seems to exist between these results 
and the photoelectric curves shown by Franck and Einsporn.? From the 
experiments of these investigators one is led to believe that a great variety 
of types of collision exist with substantially equal probabilities; that in 
every case the excitation function rises with great suddenness as the critical 
energy is exceeded and within a fraction of a volt appears in many cases 
to drop off again. This is quite a different picture from that which one obtains 
from the present observations. Here we find three types of collision of 
preponderating importance. In the case of the 6.7 volt and 8.8 volt types 
the collisions appear relatively improbable at voltages slightly above the 
critical value and it is not easy to see how the sharp breaks in the photo- 
electric curves can be accounted for. 

It is very difficult to reconcile the two experiments. The one seems to 
show without question that most of the collisions involve either 4.9 or 6.7 
volt losses, the other that photoelectric emission occurs or metastable 
atoms are created at a great number of critical potentials. An unlikely 
hypothesis, is that the energy losses occurring at these voltages are in every 
case of the 4.9 or 6.7 volt type. A somewhat more probable explanation 
would be that the many other collision types of Franck and Einsporn occur 
only in the very close neighborhood of the critical voltages and disappear 
as that voltage is slightly exceeded. Such collisions would then be indicated 
by electrons of nearly zero velocity in my experiment and might not have 
been detected, since my apparatus collects such electrons rather inefficiently. 
There is no collateral evidence to support this view, and it may seem a very 
unlikely one. But, however unlikely, no other hypothesis seems to give a more 
reasonable hope of correlating the photoelectric work of Franck and Einsporn 
(which has been verified by others) on the one hand, and on the other, 
the many experiments on inelastic collisions. 

In conclusion, the writer wishes to acknowledge his indebtedness to the 
members of the staff of the Department of Physics at the State University 
of Iowa for their patient, cheerful and invaluable assistance. To Professor 
J. A. Eldridge, who suggested the problem and supervised the work, his 
debt is particularly great. 


7 Franck and Einsporn, Zeits. f. Physik 2, 18 (1920). 
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ABSTRACT 


Ionization spectrometer measurements were made of the intensity of reflection 
of the Ka doublet of Mo and Cu from copper and iron powders. From the relative 
intensities of reflection from the different planes of the powdered crystals, the relative 
F values for these reflections were calculated. These relative values were placed on an 
absolute scale by comparison of the intensity of one reflection with that of the (220) 
reflection of NaCl, for which the absolute value with Mo radiation has been deter- 
mined by James and Firth. On the assumption that the atomic scattering factors are 
independent of the wave-length and are proportional to sin@/A, the same absolute 
value of F was used for the (220) reflection of Cu Ka from NaCl. Because of the 
difficulty experienced in making plates of the copper and iron powders sufficiently 
thin for use in absorption measurements, previously determined values of absorption 
were used in the calculation of the absolute values. Calculated values of the absorption 
coefficient for NaCl were used. 

The absolute values of F are shown as functions of sin@/A. Those for copper 
radiation do not lie on the same curve as those for molybdenum. The fact that the 
two curves do not coincide suggests that the assumption that Fy for NaCl is the 
same for copper as for molybdenum radiation may not be justified, and that F is not 
entirely independent of the wave-length. 


INTRODUCTION 


HE atomic scattering factor F can be obtained by experimental measure- 

ments of the intensity of x-ray reflections from crystals. This Fis the 
ratio of the amplitude of the radiation scattered by the whole atom to the 
amplitude scattered by a single free electron according to classical wave 
theory. It is then a pure number which, as a function of wave-length and 
of angle of reflection, at small angles approaches the total number of elec- 
trons in the atom. A knowledge of F for different atoms is essential to the 
analysis of complex crystal structures and is of value in studies of atomic 
structure. The experiments described in this paper form part of an extended 
investigation of F-curves being carried out in this laboratory. They were 
especially chosen as providing a test of dependence of F on sin@/X. 


EXPERIMENTAL PROCEDURE 


The experimental data consist of measurements' with the ionization 
spectrometer of the intensities of reflections from blocks of iron and copper 
powders. The study of the intensity of x-ray reflection from a powdered 
crystal offers a simpler and more direct means of determining the scattering 
power than reflections from single crystals. If the powder particles are 


1 W. H. Bragg, Proc. Phys. Soc. London 33, 222 (1921); R. J. Havighurst, Phys. Rev. 28, 


869 (1926); J. A. Bearden, Phys. Rev. 27, 796 (1926). 
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sufficiently small, extinction effects are practically eliminated, and no cor- 
rections need be applied. Both the copper and iron were obtained in the form 
of fine impalpable powders, each particle of which was smaller in diameter 
than 5X10-* cm. The individual crystals were still smaller, and apparently 
extinction was not operative to an appreciable extent. The powder was 
compressed, by means of a hydraulic press, into a briquet of a form similar 
to those used by Havighurst. Effects due to possible orientation of the crys- 
tal particles by the pressure were eliminated by scraping off the surface 
of each briquet with a fine file. 

The source of high-tension was a transformer-kenetron-condenser set 
capable of maintaining a very steady direct-current voltage. For the first 
series of experiments a water-cooled tube with molybdenum target was 
run at about 35,000 volts and a tube current of 10 to 14 milliamperes. In 
order to obtain a monochromatic x-ray beam of sufficient intensity, the 
x-rays were filtered through a screen of zirconium oxide, which cut out most 
of the 6 peak and also considerably reduced the general radiation. The tube 
with a copper target was run at about 30,000 volts and a tube current of 
5 milliamperes. No filter was used. The difference in wave-length between 
the @ and @ peaks was sufficient to prevent any intensity of the 8 peak from 
being added to the reflection of the a peak by the same set of planes; neither 
did any of the 6 peaks fall in the neighborhood of the a peaks reflected 
by other sets of planes. The intensities of the diffracted beams of x-rays 
were measured by the usual ionization method. The monochromatic beam 
—the Ka doublet—was reflected from the powder plate into the ionization 
chamber. The focussing condition for this method was fulfilled by placing 
the chamber slit at a distance from the powder equal to the distance from 
the powder to the target of the tube. The ionization currents were measured 
by means of a Compton type electrometer and a scale system of high sen- 
sitivity. The usual sensitivity was about 12 meters per volt, with the scale 
2 meters distant from the electrometer. Reflection from the surface of the 
powder plate was used rather than transmission through the powder. 

For each reflection the ionization chamber was set first at an angle 
sufficiently less than that for the maximum reflection so that only general 
scattered radiation entered the chamber, the powder plate was set at half 
that angle, and the ionization current measured. Then the ionization chamber 
was moved successively through given angular distances, the powder plate 
through half those distances, and the ionization current measured at each 
setting. Each reflection was mapped out in this way, the peaks were plotted 
on a large scale, and the relative intensities obtained from the relative areas 
under the peaks and above the base-line due to general radiation. 


METHOD OF CALCULATION FROM DATA 


The following expression? gives the ratio of the power of the rays scattered 
to the ionization chamber to the power of the primary beam: 
P, p lp’ 1 





P l6r ur p sind’ 


2 A. H. Compton, X-Rays and Electrons, p. 131, (Van Nostrand, 1926). 


(1) 
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where p is the number of planes in the crystal belonging to the form which 
reflects the rays at angle @, / is the height of the ionization chamber slit 
which is distant r from the powder, p’ is the density of the powder mass, p 
the density of the individual crystals, and yw the linear absorption coefficient 
of the powder plate. In the foregoing equation 


e* 1+ cos? 20 


m*c4 sin 20 





Q= p N2F2y3 
2 


where N is the number of atoms per unit volume of the crystal, \ the wave- 
length, and F the structure factor, modified by the effects of thermal agita- 
tion. 

In the determination of relative F values all quantities independent of 
the angle of reflection remain constant. If they are set equal to R, then 

P, sin? @ cos 6 
F? = R— ————__ (2) 
P 1+ cos? 26 
In each series of measurements, one particular reflection was chosen as 
standard, and the structure factors for the other reflections relative to that 
for the standard were calculated by Eq. (2). 

The relative values of F obtained in this way may be placed on an ab- 
solute scale if an absolute value of F be determined for one reflection. In 
this investigation the absolute values were obtained by comparison of the 
intensity of reflection from one plane of each substance with that of the 
(220) reflection of NaCl powder under the same experimental conditions. 
W. L. Bragg and his collaborators, who have measured reflections from 
single crystals instead of from powders, make comparison with the -(400) 
reflection of NaCl in order to avoid primary extinction effects which might 
occur in reflections at smaller angles. The powders used in these experiments 
were all so fine that extinction could be neglected for all reflections. Compar- 
isons with the (220) reflections of NaCl were made for the (110) reflection 
of Fe for both wave-lengths, for the (200) reflection of Cu for both wave- 
lengths, and also for the (220) reflection of Cu for molybdenum Ka. The ab- 
solute value of F used for the (220) reflection of Mo Ka from NaCl was 15.62, 
the figure given by James and Firth‘ in their recent study of rock-salt. On 
the assumption that the atomic scattering factors are independent of the 
wave-length and are proportional to sin@/A, the same absolute value of F 
was used for the (220) reflection of Cu Ka from NaCl. 

The greatest uncertainty in the determination of the absolute value by 
this method lies probably in the measurements of uw and p’, the linear ab- 
sorption coefficient and the density of the powdered crystal mass. Because 
of their relatively high atomic numbers and consequent high absorption, 
only extremely thin plates of Fe and Cu powder would permit the passage 
of x-rays of measurable intensity. Difficulty was experienced in making 
such thin plates of uniform thickness and density. As thick plates were 

’ W. L. Bragg and J. West, Zeits. f. Krist. 69, 118 (1928); R. W. James and G. W. Brindley, 


Proc. Roy. Soc. Al21, 155 (1928). 
4 R. W. James and E. M. Firth, Proc. Roy. Soc. A117, 62 (1927). 
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used in the determination of the relative intensities of reflections from differ- 
ent planes, it was considered that more reliable results would be obtained 
from known values of the absorption coefficients. The values of u used for 
copper were taken from the recent determinations of Backhurst,5 and were 
calculated from the formulas which he found to fit his experimental values for 
copper. These gave 4=459 for Mo Ka, \=.710, and w=474 for CuKa, 
A=1.537. Allen® has also quite recently measured the absorption coeffi- 
cient of copper. His values are u(MoKa) = 464, u(CuKa) =446. As deter- 
minations made here gave a ratio of the absorption of Mo radiation to that 
of Cu radiation in agreement with the ratio obtained from Backhurst’s 
figures, his values were used rather than those of Allen. 

The values of uw for iron, however, were taken from Allen’s tables. He 
gives u/p= 38.4 for A =0.709, or u(MoKa) = 302; and n/p = 330 for A= 1.537, 
or u(CuKa) = 2594. 

No experimental determinations of the absorption of NaCl have evidently 
been made at long wave-lengths. Allen states that the K absorption of 
Na probably obeys the 2.92 relation in the general formula: 


u/p=Cr?-92N4/A+a/p, 


where NV is the atomic number, A the atomic weight, and the best value of 
C for the K series is 1.32 X10-*. o/p, the scattering coefficient, is about 0.1 
for elements of low atomic number, and has been neglected here. Since 
Na and other substances near it in the periodic table obey the 2.92 relation, 
Cl has been assumed to obey it likewise, and absorption of NaCl has been 
calculated accordingly. The value obtained is 17.6, in good agreement with 
Havighurst’s’ observed value of 17.5. Havighurst, using the \' relation and 
a numerical value for a/p, also calculated the absorption coefficient for NaCl 
and obtained 18.0, whereas Windgardh found 18.1. The value 17.6 was used 


TABLE I. Intensities of reflection and the resultant F-values of metallic copper. 








Reflection (sin 6)/X P,(Mo Ka) F(Mo Ka) P,(Cu Ka) F(Cu Ka) 





111 0.241 222. 19.81 233. 16.05 
200 .278 100. 17.85 100. 14.41 
220 .392 60.7 14.28 52. 11.15 
311 461 55.7 11.62 54.2 9.25 
222 481 16.1 11.35 15.8 8.80 
400 .556 5.7 9.27 

331 .607 14.9 8.30 

420 .620 11.2 7.41 

422 -681 7.1 6.63 

$33) 723 7.6 6.37 

333 

440 785 1.5 5.10 

531 .822 5.4 5.11 

600 -832 2.7 4.64 

442 

620 .879 1.7 4.35 








§ I. Backhurst, Phil. Mag. 7, 353 (1929). 
*S. J. M. Allen, Phys. Rev. 28, 907 (1926). 
7™R. J. Havighurst, Proc. Nat. Acad. Sci. 12, 477 (1926). 
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here. The absorption coefficient for copper radiation calculated in the same 
way is 168. 


EXPERIMENTAL RESULTS 


In Table I are given the experimental values of the relative intensities 
of reflection P, and the consequent values of F for Cu for Mo Ka and Cu Ka 
radiation. Comparison of Cu (220) with NaCl (220) for Mo Ka gave the 


TABLE II. Intensities of reflection and the resultant F-values of metallic iron. 








Reflection (sin @)/A P.(Mo Ka) F(Mo Ka) P,(Cu Ka) F(Cu Ka) 





110 0.247 100 15.87 100 13.96 
200 .350 16.6 13 .23 16.6 12.29 
211 .428 30.6 11.24 31.6 10.56 
220 .494 8.0 9.55 10.8 9.33 
310 .553 9.2 8.27 

222 .605 2.2 7.84 

321 655 8.3 6.82 

400 .699 8 6.56 

$30) 741 3.2 5.68 

330 

420 .780 1.6 5.18 

332 .821 1.5 5.43 

422 .857 9 5.29 

ret .891 2.5 4.42 

431 

521 .956 1.2 4.02 











same absolute values as those obtained from the (200) comparison. Table 
II contains the experimentally determined relative intensities and the values 
of F obtained for Fe for Mo Ka and Cu Ka radiation. 
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Fig. 1. Experimental F-values for metallic iron. 
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Figs. 1 and 2. show the absolute values as functions of (sin@) /A. Too much 
reliance should not be placed on the figures at large values of (sin@)/A, as 
the intensities of these weak reflections could nct be measured with great 
accuracy. In Fig. 1 are shown also the interpolated values of F obtained by 
Claassen® for Fe from Fe;0,. The agreement is not at all satisfactory. 
Claassen’s figures are for divalent and trivalent iron ions, whereas this in- 
vestigation was made for metallic iron. 
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Fig. 2. Experimental F-values for metallic copper. 


Of special interest is the fact that the F values for copper radiation do 
not lie on the same curves as those for molybdenum. The F values for 
Cu Ka may not be the true absolute ones, as they were obtained on the 
assumption that F2» for NaCl was the same for copper radiation as for 
molybdenum. The fact that the two curves do not coincide indicates that 
this assumption may not be justified and that F is not independent of the 
wave-length. James and Firth‘ found that their absolute determinations 
of the intensity of reflection of MoKa from rock-salt confirmed earlier 
unpublished measurements by Bosanquet with rhodium radiation. The 
wave-length of Cu Ka radiation differs so much from those of the other 
two that the results of this experiment are not necessarily in conflict with 
these earlier investigations.® This investigation was suggested by Dr. Ralph 
W. G. Wyckoff, to whom the author is indebted for much helpful criticism. 

§ A. Claassen, Proc. Phys. Soc. London 38, 482 (1926). 

* Cf. E. Wagner and H. Kulenkampff, Ann. d. Physik 68, 369 (1922), who found values 
of F for the (100) and (200) reflections of rock-salt with copper and iron radiation in agreement 
with the values given by Bragg, James, and Bosanquet (Phil. Mag. 41, 309 (1921)) for rhodium 


radiation. Their results with calcite, however, were not in agreement. with the assumption that 
F is independent of the wave-length. 
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ABSTRACT 

Discontinuities of magnetization.—These have been observed in iron and nickel 
and recorded photographically. The number corresponding to a given small change 
of magnetizing force has been determined for different speeds of magnetization. For 
high speeds there appear to be more and smaller discontinuities as the speed is 
slightly reduced. If the speed is greatly reduced, however, there are fewer dis- 
continuities in ordinary specimens than for high speeds. The length of the portion 
of material associated with each discontinuity is estimated to be 2 or 3 mm; the 
volume is of the order 10~? cm, 

A method for determining the hysteresis loop of very small specimens.—The 
specimen, on an elastic support, is mounted on the axis of a solenoid and its deflection 
measured with a microscope when currents of varying magnitude flow through the 
solenoid. For a small piece of nickel wire it is found that the loop is made up of a few 
discontinuities separated by uniform changes of magnetization. 

Theory.—It is suggested that in different poicions of the material different 
magnetostrictive effects may occur. Thus strains are set up which, when relieved dis- 
continuously, produce the jumps of induction. 


T WAS discovered by Barkhausen'! that when iron is magnetized by a 

steadily varying field the magnetization may change discontinuously. 
Since Barkenhausen’s discovery the phenomenon has been extensively inves- 
tigated. As yet, however, there appears to be some disagreement as to the 
explanation of these discontinuities. Tyndall* considers that there is little 
justification for the theory advocated by Gerlach and Lertes* and by Zschie- 
sche,‘ a theory which makes the effect depend on magneto-striction. On 
the other hand McKeehan’s theory’ of the relation between strain and mag- 
netization seems well adapted to explain certain phases of the Barkhausen 
effect. 

The writers have made determinations of the dependence of the number 
of discontinuities on the rapidity’of change of the magnetizing force in iron 
and nickel; also, by varying the size of the specimen an estimate has been 
made of the length of the portion of the material which is involved in one of 
the discontinuities. 


1H. Barkhausen, Phys. Zeits. 20, 401 (1919). 

2 E. P. T. Tyndall, Phys. Rev. 24, 439 (1924). 

3 W. Gerlach and P. Lertes, Zeits. f. Physik 4, 383 (1921). 
* K. Zschiesche, Zeits. f. Physik 11, 201 (1922). 

5 L. W. McKeehan, Jour. Frank Inst. 202, 737 (1926). 
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APPARATUS 


The specimen was placed in a small coil of fine wire, which for many of 
the experiments had 2200 turns, was 0.5 cm long, and had a maximum dia- 
meter of 1.0 cm. The e.m.f. induced in this coil by the jumps of magneti- 
zation was amplified by a three stage amplifier, the first two units of 
which were resistance coupled, the last, transformer coupled. The output 
terminals of the amplifier were connected to a sensitive telephone receiver. 
The diaphragm of this receiver was coupled to a tiny mirror mounted be- 
tween needle points, the coupling bar and the mirror being made very light 
so as to minimize inertia effects. The image of a straight edge was reflected 
from this mirror through the slit of a light-tight box on to a moving picture 
film. When the film was unrolled past the slit a record of the Barkhausen 
discontinuities was thus obtained. A time scale was obtained by focusing 
the image of a lamp filament on the edge of the film. When a small permanent 
magnet was in its vicinity the filament vibrated with the frequency of the 
60 cycle current through it. 

The magnetizing field was produced by a solenoid in which was placed 
the specimen in the pick-up coil. A resistance in series with the solenoid 





Fig. 1. Barkhausen discontinuities in nickel. 


could be made to vary uniformly by means of thermal control. This resis- 
tance—a nickel wire—was placed inside an electric heater which cooled 
with comparative slowness after the current was cut off. More rapid cooling 
was obtained by use of an air jet. 

The value of the magnetizing current was measured witha milliammeter. 
To the needle of this milliammeter a light aluminum wire was fixed vertically 
so as to pass across the horizontal slit of the film box when current traversed 
the instrument. Two fine wires across this slit served as reference lines. 
The milliammeter readings being known for coincidences of the needle wire 
with each of the reference wires, intermediate values of the current could 
be determined from the film record. 

Figure 1 shows a short sample of a record taken with nickel. The time 
scale is at A; the heavy line under B gives the position of the milliammeter 
needle. The distance between the two fine lines corresponds to 2 milli- 
amperes. The total current through the solenoid was so chosen as to bring 
the specimen to the steep part of the hysteresis loop. 
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Each Barkhausen impulse gave a sharp crack in the telephone receiver 
and a characteristic record C on the film. The diaphragm and mirror system 
oscillated with its natural frequency for a short time after each impulse, 
but the frequency was so high that the oscillations were not clearly separated 
in the record. Thus a single impulse produced a record of quite appreciable 
length as shown, but there was no difficulty in detecting the existence of 
two impulses very close together as occurred in some instances. 


DISCUSSION OF RESULTS 


Counts were made of the number of discontinuities in nickel when a given 
field change occurred in different times. Table I gives some results obtained 
for two separate sets of observations. 


TABLE I. n=total number of impulses, N=number of large impulses. 














Time n N 
(Sec.) 
I 3.5 77 29 
4.33 84 11 
II 1.45 56 25 
2.44 80 20 











It appears from this table that decreasing the speed of change of the 
magnetizing field increases the total number of discontinuities, but decreases 
the number of large discontinuities. Intercomparison of sets I and II is 
not allowable because of changed experimental conditions. 

Because of the small differences appearing in the table it was felt that 
corroborative evidence was necessary before definite conclusions could be 
drawn. Supplementary experiments were therefore performed. A nickel 
wire specimen was drawn down to a small diameter and a short piece stuck 
in the pick-up coil with wax. A permanent magnet mounted on a carrier 
driven by a screw was used to produce induction changes and the discontin- 
uities were detected and counted by the sound in a loud speaker which 
replaced the receiver oscillograph. 

For a soft iron wire 0.447 cm long and 0.005 cm in diameter 46 distinct 
impulses were counted when the part of the hysteresis loop corresponding 
to ACD of Fig. 2 was traversed in 2 minutes, and only 29 when the time 
was 10 minutes. A second trial gave 43 and 24 for these two times. For a 
nickel wire of length 0.284 cm and diameter 0.010 cm 2 impulses were ob- 
served for a time of 10 minutes and 9 for a time of about 10 seconds. Along 
the part of the loop corresponding to AB of Fig. 2 and using the same iron 
wire, a slow speed gave only two or three impulses; a high speed gave an 
initial rustling noise followed by about 10 impulses. 

The interpretation of the data seems to be as follows. As the speed 
is decreased the impulses become more numerous but on the average they 
are of smaller magnitude. For very slow speeds a great number of impulses 
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become so small as to produce no observable effect. Only the few remaining 
large impulses can then be counted. This interpretation agrees with the 
observations made by Pfaffenberger.* Using different times, of the order 
of a few seconds, Pfaffenberger found for the same field-change more jumps 
of magnetization for the long times; the sum of the amplitudes of all the 
jumps, however, appeared to be the same for the different speeds. Low 
enough speeds were not used to eliminate any of the jumps. 

The physical condition of the wire seems to influence the phenomenon 
to a considerable extent. We have examined a nickel specimen, 0.004 cm 
in diameter and 0.19 cm long, which had been annealed, stretched to the 
breaking point, bent and straightened, and have found only two discontinui- 
ties of magnetization along the curve ACD, Fig. 2. The clicks of these two 
impulses were heard very clearly in the loud speaker, whether the field change 
occurred in half a second or in 2 minutes. For this specimen the speed of 
field-change did not influence the phenomenon. 

An estimate of the volume of the material involved in a single discon- 
tinuity may be made as follows. Assume that each jump of magnetization 
is produced by a limited portion of the material changing its intensity of 
magnetization from one value to another. When the last nickel specimen 
mentioned above suffered complete reversal of magnetization two discon- 
tinuities were observed. If the discontinuities were associated with different 
coherent elements of about the same size (the impulses appeared equally 
loud) the volume of the coherent element could not be greater than half the 
volume of the specimen, or 2.310-7 cm*. The maximum length of the co- 
herent element would of course be the length of the specimen, 0.19 cm. 

The method by which the magnetization of this nickel specimen was 
reversed influenced the number of discontinuities. If the field was kept 
constant in magnitude at the specimen but rotated in direction, five im- 
pulses of diminished strength were counted instead of two. If each of these 
impulses corresponded to changes of magnetization of separate equal co- 
herent elements the volume of each of the latter would be 9X10-* cm®. A 
lower limit to the length of a coherent element in the nickel wire would be 
the length of the shortest specimen exhibiting discontinuities. We have 
observed one of these discontinuities in a nickel wire 0.1 cm long, but for 
shorter wires the effect could not be detected. 

For a soft iron wire the minimum length in which discontinuities could 
be observed was 0.2 cm. Calculating the volume of a coherent element by 
the method used above for nickel, and for the specimen giving 46 impulses 
in 2 minutes, we get 1.9X10-? cm®. In silicon steel Tyndall calculated by a 
different method this volume to be 1.710-* cm*. Pfaffenberger, also by a 
different method, estimated the length of a coherent element in steel to be 
0.3 cm. The differences in the various estimates are no more than might 
be expected, since specimens of different structural character were used 
in the respective measurements. 


* J. Pfaffenberger, Ann. d. Physik 87, 737 (1928). 
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THE HystTERESIS Loop FOR A SMALL SPECIMEN 


The fact that for one small specimen of nickel only two large discon- 
tinuities were observed during reversal of magnetization suggested that 
the character of the hysteresis loop might be different from that of larger 
specimens. Accordingly the following method was devised for determining 
the nature of the loop for very small specimens. 

The specimen in the form of a short fine wire was stuck with wax hori- 
zontally across the end of a fine vertical quartz rod. The mounting for the 
lower end of this rod was contained in a glass tube full of oil. The specimen 
was thus supported several mm above the surface of the oil, but vibrations 
were critically damped. A horizontal solenoid of length 7.7 cm was now 
placed with one end close to the specimen, the latter being on the axis of 
’ the solenoid. When a current flowed through the solenoid a force was exerted 
on the specimen and its deflection from the normal position was measured 
with a microscope, for which 1 scale division = 0.00247 cm. 

The force on the specimen is given by F=I]VdH/dx, where J =intensity 
of magnetization, V = volume of the specimen and dH //dx is the field gradient 
at the specimen along the axis of the solenoid. We have, however, dH/dx 
= 2rnir?(a?+r*)-*?, where »=number of turns per cm of the solenoid, r 
=radius of the solenoid, 7=the current, and a=distance of specimen from 
end of solenoid. The field at the specimen is given by H =2zni} (a?+r*)'? 
—a}(a?+r?)-'2, We may thus write F=AHI, where A = Vr*} (a?+?°)'? 
—a}— (a+r). ; 

If the deflection D is small so that a is approximately constant, D will 
be proportional to the product JH. Thus D/H will be proportional to J. 
Also, H is proportional to 7. 

The following values of the above quantities were used: a=1.2 cm, 
n=44.1, r=2.90 cm. The specimen was a nickel wire of length 0.13 cm 
and diameter 0.0065 cm, which had been stretched, bent, and then straight- 
ened. The current 7 could be varied smoothly and continuously by means 
of a sliding contact on a long resistance wire in the solenoid circuit. This 
contact was mounted on a small car which could be pulled smoothly along 
between two tracks by means of a long string. 

Figure 2 gives the form of the loop for the nickel specimen. The time 
required to traverse half the loop was about 10 minutes. The curve is not 
accurate for large values of the field because the deflections in that case 
caused an appreciable change in a. Three Barkhausen discontinuities were 
observed. They showed up clearly in the microscope as sudden jumps of 
the specimen, and are indicated by the arrows in Fig. 2. 

It appears from this curve that the observable discontinuities do not 
account for the complete reversal of magnetization of the specimen. In 
fact, two of the discontinuities of Fig. 2 have occurred before the specimen 
as a whole has reversed magnetization. Except for the jumps indicated 
on the curve the motion of the specimen was smooth and steady,—agreeing 
with the observations made by the inductive method on the small piece of 
nickel, in which only distinct clicks were heard with no doubtful sounds 
between. 
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SUPPLEMENTARY OBSERVATIONS 


Several observations of an incidental nature were made during the course 
of the experiments. 

1. For a thin iron wire, as its length is decreased the number of discon- 
tinuities decreases along the part of the curve corresponding to ACD of 
Fig. 2. Along AB the discontinuities are more easily observed for a short 
specimen than for a long one of the same diameter. They also appear more 
pronounced in magnitude as A is neared. It is obvious that the demagnetiza- 
tion factor is of importance in connection with this phenomenon. 
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Fig. 2. Hysteresis in nickel. The broken line is drawn from symmetry considerations. 
Experimental points along AB are omitted because they were somewhat scattered, thus 
creating an impression of discontinuities which did not really exist. 


2. When a nickel wire is annealed the discontinuities are small and 
frequent as in soft iron. If the wire is stretched beyond the elastic limit the 
effect may be made almost inappreciable; if a single bend is now put in 
the wire and then removed a relatively few loud clear impulses are heard 
in the loud speaker of the amplifying system. These observations agree 
with those of Forrer,’ and show that internal strains strongly influence the 
Barkhausen effect. 

3. The mechanical Barkhausen effect—obtained by twisting or stretching 
a wire passed through the pick-up coil—was observed in iron and annealed 
nickel, but not in unannealed nickel. This effect almost disappears if the 
specimen is magnetized to saturation. 

4. Certain natural crystals of magnetite, usually dark in color and with 
bright, well developed cleavage planes, show discontinuities of magnetization. 


7 R. Forrer, Comptes Rendus 180, 1253 (1925). 
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Other specimens, usually with rounded corners and uneven faces, do not. 
A hematite crystal showed a pronounced effect. 

5. A hard steel ball of fine homogeneous structure showed no discon- 
tinuities. 


CONCLUSIONS 


Our experiments indicate that in nickel which had not been annealed 
certain parts of the magnetization curve consist of sudden changes separated 
by uniform changes. A small specimen has been found to show several 
distinct discontinuities of considerable magnitude. Sudden changes other 
than these could not be detected. Yet these observed discontinuities can 
account for only a small part of the magnetization curve. If the remaining 
part of the curve is made up of a series of jumps then these jumps must be 
very numerous and of a different order of magnitude from those observed. 

R. M. Bozorth® states that he has found a considerable part of the 
hysteresis loop to be accounted for completely by the discontinuities, sub- 
stantially all of which he could detect. Our results disagree with those of 
Bozorth. As no details of Bozorth’s experiments are published the cause 
of the discrepancy is not evident. It may possibly be associated with differ- 
ences in the sizes or character of the specimens, or in the differences of speeds 
of magnetization. Bozorth also states that “the apparent large differences 
in the effect in various materials, and in the same material in different forms, 
are due to the different rates of decay of eddy-currents in them.” We do 
not believe that the pronounced change in the effect which we have observed 
when an annealed and stretched nickel wire is given a single sharp bend 
and then straightened can be due to a changed rate of decay of eddy-cur- 
rents. 

A suggested explanation of the discontinuities of magnetization is as 
follows. In the magnetic material there are inhomogeneities, either of a 
chemical or physical nature. For example, certain portions of the material 
may be subjected to a strained condition differing from that of the rest 
of the material. As the magnetizing force increases the intensity of magneti- 
zation of the strained element will vary in a different way from that of the 
rest of the material, and thus the condition of strain, because of magnetostric- 
tion, will change with the field. Eventually the mechanical equilibrium 
between the specified portion and the surrounding material will become 
unstable and slip will occur at the boundary of the element. The strain 
condition is thus suddenly changed, and owing to the reciprocal relation 
between strain and magnetization the intensity of magnetization of the 
element will suddenly change also. 

A very similar process would result if the small element, instead of being 
in a strained condition initially, were of slightly different chemical con- 
stitution from the rest of the material. Its magnetization and magnetrostric- 
tion would then vary in a different way from that of the rest of the material, 


®R. M. Bozorth, Phys. Rev. 33, 636 (1929). 
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strains would be set up, and slip might eventually occur at the natural 
boundary o the element. 

On this view of the phenomenon we see why a sing’e bend in a fine nickel 
wire, which has been annealed and stretched, can cause the discontinuities 
to appear more pronounced and fewer in number. The stretching of the 
wire is found to make the discontinuities very small. The stretching prob- 
ably introduces a filament structure parallel to the length of the wire, and 
these filaments may not be tightly enough coherent to produce appreciable 
strain when they suffer magnetostriction of different amounts. It is also 
possible that there may be little difference in the initial strain condition of 
the filaments. A bend in the wire would limit the magnetostriction of differ- 
ent filaments in different ways. It would tend to prevent an individual fila- 
ment from moving freely with respect to its neighbors. Thus interior strains 
would be set up and large discontinuities of magnetization result. 

A very slow change of magnetizing force would allow time for readjust- 
ment of internal strains, perhaps by plastic flow or relatively more frequent 
slip at boundary surfaces. The discontinuities would thus be fewer; or being 
more numerous because of smaller slips, their magnitudes would be smaller. 

The entire hysteresis loop, on this theory, would not be made up of a 
series of sudden changes; continuous changes would be possible while strain 
is building up in a small element. Our experiments indicate that such a 
structure for the loop is probable. 
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ABSTRACT 


This work is the beginning! of a systematic investigation of the absorption 
spectra of solids, particularly single crystals of the ions of the rare earths, over a 
range of temperatures. We expected that the ions of the rare earths in the solid state 
would exhibit line absorption spectra because their magnetic moments agreed quanti- 
tatively with theories? which had been successful in elucidating the line spectra of 
gases. The latter definitely established that only the 4, electronic shell is incompletely 
filled and extrapolation of the energies from x-ray data led to the conclusion that the 
energy necessary to remove a 4, electron might possibly be measured through quartz. 

The absorption spectra of the synthetic uniaxial crystal GdCl;-6H,O were the 
first to be taken because the spectrum of Gd*+** would presumably be the simplest, 
its basic electronic level *S being single. Its spectrum was found actually to consist of 
very sharp lines, sharp even at room temperature. They were almost all in the ultra- 
violet. The appearance of the spectrum changed little as the temperature was reduced 
except that there was a general slight shift of the lines toward the red and also that 
there were greater separations between the lines comprising each multiplet. This 
behavior is primarily due to the contraction of the crystal which brings the ions closer 
together. That is, the electrostatic fields of the constituents of the crystal surround- 
ing the positive ion become more intense when the constituents approach each other. 
Many lines allow themselves to be systematized into multiplets by means of the 
constant frequency intervals that occur but we are postponing the attempt to obtain a 
unique energy diagram until measurements of the Zeeman Effect now in progress will 
have been completed. We have also studied the effect of changing the electrostatic 
fields to which the positive ions are exposed, for example, by substituting bromide ion 
for the chloride ion, etc., but shall publish these results later. 

A simple new method for growing crystals from solution is described. 





E HAVE outlined! reasons for believing that the absorption spectra 
of the rare earths in the solid state would resemble the line spectra 
of ions in the gaseous state. We shall briefly review those reasons here. 
Hund? calculated the magnetic moments of the ions of the rare earths on 
the basis that: 
(a) Their electronic configurations were those postulated by Stoner in 
his scheme for the Periodic System. 


1 Freed and Spedding, Nature, 123, 525 (1929), where a brief summary of some of our 
results on Gadolinium, Samarium and Erbium are given. 
* Hung, Zeits. f. Physik, 33, 853 (1925). 
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(b) “Normal multiplet coupling” between the electrons subsisted even 
in the solid state and in solution. 

(c) The magnetic moments calculated from the basic electronic levels 
derived from the above assumptions would be those possessed by the ions 
in the solid state and in solution. 

His results checked the measured susceptibilities very satisfactorily. It 
appears then that the water of solution or of crystallization does not dis- 
turb the nature of the electronic coupling in the free ion nor affect the number 
of electrons coupled.* 

The electronic configurations established by Hund are: 











Atomic No. of ion Ion No. of electrons in shells 
1, ais * 4; 4 5: 
54 Lat++ full O 2 6 
7 ae * : 2 6 
¥ Gdtt+ 8 a & 6 
| ” 
68 Lutt+ 14 2 6 











When we extrapolate x-ray data of the heavier elements to the rare 
earths we find that an electron of the rare earths possesses less energy in 
the Nz (Nz) shells than it does in the O shells. That is, an electron in the 
4, shell is held less tightly than an electron in the 5; or 52 shells. It appears 
from this extrapolation that the energy needed to remove an electron from 
an ion of the rare earths corresponds to frequencies which can probably be 
measured through quartz. Many of the rare earths are colored so that the fre- 
quencies associated with electronic activations actually lie in the visible re- 
gion of the spectrum. 

For each ion we can assume with confidence that the basic electronic 
level is that confirmed by Hund with magnetic data. 

The work of Becquerel and his associates‘ is of considerable importance 
for our present point of view. They obtained absorption spectra of minerals 
which contained mixtures of rare earths. In 1906 Becquerel had found that 
the narrow absorption bands displayed by these substances at room tem- 
perature became much narrower when the temperature was reduced. At 
the temperature of liquid hydrogen some of the bands attained a sharpness 
comparable with lines in the spectra of gases. Becquerel and his associates 
focused their attention upon individual lines or bands, that is, their polari- 
zation in a magnetic field, etc. They made no recorded attempt to identify 
particular lines or bands with the individual constituents of the crystal 
responsible for them. Hence the problem of evaluating their spectra hardly 
presented itself. Their crystals were enclosed in glass (Dewar tubes) which 
limited the rangeof their spectra particularly on the side of short wave-lengths. 
Each of the minerals contained several rare earths and in addition it 

§ The molecules of water are held presumably by the forces of electrostatic polarization 


and not by chemical bonds, that is, not by bonding pairs of electrons. 
4 J. Becquerel. Gedenkboek H. Kammerling-Onnes. Leiden 1922. 
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probably contained other positive and negative ions in solid solution. Such 
irregularities in the crystal lattice doubtless produced strains which tended 
to blur the absorption lines. Indeed, we have obtained photographs showing 
that different negative ions shift the position of the absorption lines of a 
positive ion to unequal degrees so that an absorption “band” in a mineral 
might really be the unresolved effects of two or more negative ions. 

In order to get spectra of solids as free as possible from the influences of 
perturbing fields, we studied synthetic uniaxial crystals of individual rare 
earths in as high a state of purity as we could procure. We are now reporting 
work of a preliminary nature on the spectra of GdCl;-6H:2O, a synthetic 
uniaxial crystal. The spectra were taken at room temperature, at that of 
liquid air, and at that of liquid hydrogen. 

We are continuing this work with a grating of high dispersion and are 
also investigating the Zeeman effects on these spectra with a view of getting 
a unique energy level diagram. The gadolinium chloride was made from the 
sulfate octahydrate Gd2(SO,4)3-8H:O purified to atomic weight purity under 
the direction of Professor B. S. Hopkins of the University of Illinois, to whom 
we wish to express our gratitude. The chemical history of the substance 
will be published later in our paper on the absorption spectra of GdBr;-6H,O. 


PREPARATION OF CRYSTALS 


In order to get sharp and well defined absorption lines it was neces- 
sary to have fairly large single crystals, and the following method proved 
very satisfactory in obtaining them. Small seeds were first prepared by 
dissolving almost all of a conglomerate of crystals in conductivity water at 
about 60°C. The solution was then placed on a thick piece of asbestos in 
a sheltered corner of the laboratory where it was protected from shock and 
sudden temperature changes. The following morning the solution was poured 
off through a porous Jena glass filter into a beaker, and a drop of water 
added to dissolve any microscopic seeds. The filters, funnels, and beakers 
had all previously been thoroughly cleaned with hot chromic acid and dried 
in an electric oven free from dust. The best of the seeds were then selected 
with the aid of a magnifying glass and put into the filtered solution. This 
was immediately placed in a vacuum dessicator, which contained a little 
calcium chloride. If the dessicator is connected directly to the vacuum pump 
the seeds grow but in a chaotic fashion resulting in opaque clusters. We found 
this could be avoided by inserting a small capillary about 0.001 mm in dia- 
meter between the dessicator and the pump. Under such conditions the crys- 
tals grow smoothly and perfectly. Crystals 1.5 cm long and 1 cm wide can be 
obtained in four days and have actually been obtained in as little as two days. 
No further precautions need be taken as the capillary irons out fluctua- 
tions in pressure, and the fluctuations in room temperature are minimized 
by the poor heat conduction into the-evacuated dessicator. 


SouRCEs OF LIGHT AND SPECTROGRAPHS 


We used a 500-watt tungsten lamp as a source of continuous light in 
the visible region of the spectrum. This light after passing through the crys- 
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tal was focused on the slit of a three-prism Steinheil spectrograph which had 
a dispersion of 3.2A per mm at 4000A and 26A per mm at 6000A. 

A condensed discharge between tungsten electrodes as described by Barnes 
and Fulweiler® served as the source of our continuous radiations in the 
ultra-violet in our earlier work. This source gave a good continuous spectrum 
down to 2500A and one less satisfactory to 2200A. In the latter region the 
absorption spectrum of the tungsten tended to mask our absorption spectra. 
A rapid flow of pure water through the discharge chamber was found neces- 
sary to obtain a satisfactory spectrum even down to 2500A. 

In our later work we used a discharge through hydrogen between alumi- 
num electrodes as described by Bay and Steiner® and we found it very 
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Fig. 1. Dewar tube for maintaining the crystal at low temperatures. 


satisfactory. The spectrum was continuous and uniform in intensity down 
to 2000A, the limit of our instrument. 

A large Hilger spectrograph containing a single quartz prism was used 
in this region. It gave a dispersion of 6A per mm at 2350A and 34A per mm 
at 4000A. 


APPARATUS FOR MAINTAINING CRYSTAL AT LOW TEMPERATURES 


The Dewar tube (Fig. 1) for maintaining the crystals at low temperatures 
was made of Pyrex glass. It was so designed that by using the quartz win- 
dows QQ a beam of ultra-violet light could be passed horizontally through 


5 Fulweiler and Barnes, J. Franklin Inst. 194, 83 (1922). 
6 Bay and Steiner, Zeits. f. Physik 45, 337 (1927). 
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it near the bottom. The inner tube of the Dewar was pierced near the 
bottom by a glass cylinder (B), 25 mm in diameter. The tubes KK were 
sealed on the outside shell so as to be a continuation of this cylinder. The 
quartz windows were sealed by means of de Khotinsky cement on the ends of 
two short brass tubes which slipped over the cylinders KK. Caps DD 
screwed down over the windows so as to protect them from mechanical 
jolts. By having the brass tube warm and a thick layer of de Khotinsky on 
the tube K, a vacuum tight joint could rapidly be made by slipping the tube 
into place. 

The crystal P was mounted on the end of a copper cylinder and held 
in place by means of cap made of aluminum foil. 

The cylinder was then wrapped with aluminum foil and wedged into place 
at F, against the silvered side of the tube. A thermocouple H, so arranged 
that its junction came in contact with the crystal was wrapped about a 
similar cylinder and led out through a side arm at L. 

When liquid hydrogen was in the Dewar we found that the temperature 
of the crystal remained constant to within 0.1° for seven hours and changed 
only when the liquid dropped below the tube B. The direct radiation from 
a 500-watt tungsten lamp raised the temperature about 4°, although the 
the heat from the lamp was sufficient to melt the deKhotinsky seals at the 
windows. (Hence they had to be protected.) 


REPORT OF RESULTS 


No previous investigations on the absorption spectra of crystals of the 
salts of gadolinium have been published. A few bands have been reported 
for the solutions.’ 

GdCl;-6H:O crystallizes in beautiful colorless plates in the tetragonal 
system. The spectra were taken along the principal axis, that is perpendi- 
cular to the faces. We also obtained a photograph perpendicular to the 
principal axis. Both directions yielded spectra which were identical within 
our limits of measurement. 

We also grew a crystal of the chloride which had been prepared from 
gadolinium oxalate bought from the Welsbach Company. The spectrum 
from this crystal was practically the same as the one obtained with gadolin- 
ium purified under the direction of Professor Hopkins. 

Spectra in general. The spectrum consisted of about ninety lines mostly 
in the ultra-voilet. These lines were clustered in groups or multiplets with 
rather large intervals between them. Many constant frequency differences 
were observed and groups allowed themselves to be readily arranged into 
multiplets of the type, 


39196.0 36262.5 "0 
=o’. 
36136.5 36204 .0 36220.0 
Av= 39.5 
36164.5 36180.5 
Av=67.0 Av=16.0 


7 Urbain Compt Rend., Compt. Rend., 140, 1233 (1905); J. Chem. Physique 4, 328 (1906); 
Jones and Strong, Carnegie Inst. Wash. Pub. 110 (1909); 130 (1911); 160 (1916). 
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However as several other multplets involving the same lines could also be 
tabulated any allotment of energy values was considered arbitrary until 
Zeeman effects now in progress will have been completed. Constant fre- 
quency differences were also observed between the groups as a whole. 
Effect of change in temperature. Lowering the temperature to that of 
liquid air caused the multiplets to spread out and their center of gravity to 
shift slightly to the red. This spreading out continued as the temperature 
was reduced to that of liquid hydrogen and was sufficient in some cases to 
cause the violet components of the multiplets to shift back to shorter wave- 
lengths. The average change in the frequency of a line between room tem- 
perature and that of liquid hydrogen was about four wave-numbers. 
Width of lines. All the lines (except a few in the visible) were exceedingly 
sharp even at room temperature and they compared in fineness with the emis- 
sion lines of iron which were used for comparison. A very few faint diffuse 
bands in the visible seemed to sharpen at lower temperatures. The uneven 
intensities of these bands suggested that they may be close multiplets which 


2726 2756 2792 








Fig. 2. Absorption spectrum of GdCl; - 6H .O taken at room temperature. 


might be resolved into separate lines under higher dispersion and at lower 
temperatures. We intend to photometer these lines in our next work. 

The lines in group IV were resolved only at the temperature of liquid 
air when the hydrogen discharge tube was our source of continuous radiation. 
The under-water spark gave some structure in this region of the spectrum 
which blurred the absorption lines of the crystal with those of the background. 

Intensity of lines. The relative intensity values listed are very rough and 
can only be compared at the same temperature and in the same regions of 
the spectrum. The relative intensities of the lines within a multiplet changed 
somewhat with the temperature. In the visible, however, the faint diffuse 
lines or bands contracted and increased markedly in intensity as the tempera- 
ture was lowered. There were several lines especially in the region between 
3000A and 4000A whose intensities were so low that their wave-lengths could 
not be measured with any precision. 

Fluorescence spectra. A very weak fluorescence spectrum appeared to 
exist in the visible, more pronouncedly at lower temperatures and in the 
neighborhood of absorption bonds. We are planning to investigate these 
spectra more closely under more favorable conditions. 











TABLE I. Wave-lengths and wave-numbers in the line absorption spectrum of GdCl; -6H;0. 
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Room temperature 


Liquid air temperature 


Liquid hydrogen temperature 









(A) v(cm™) I (A) v(cm~) I (A) v(cm) J 
2441.26 40 ,950.0 4 2441.35 40,948.0 4 The continuous radiation 
2443 .96 40,905 .0 1 2444.84  40,890.0 1 used at this temperature 
2446.10 40, 868 .0 4 2446.49 40,862.5 4 contained so much struc- 

(2451.2) 40,783. 0 2451.52 40,778.5 0 ture in this region that the 
(2451.6) 40,778. 0 lines were hidden by it. 
(2454.6) 40,727. 0 2454.53 40,728.5 2 
(2454.9) 40,722. 0 
2462 .30 40,600 .0 s 2462.36 40,599.0 8 
2463 .15 40 ,586.0 8 2463.24 40,584.5 8 
(2469) 40,491. 0 2469.61 40,480.0 2 
2522.49 39 631.5 6 2522.68  39,628.5 6 
2524.66 39 597.5 6 2524.84 39,594.5 6 
2526.40 39,570.0 6 2526.60 39,567.0 6 
2528.74 39 , 533.0 4 2529.09 39,528.0 4 
2529.91 39, 515.5 4 2530.31 39,509.0 4 
2726.85 36, 661.5 7 2727.07 36,658.5 6 2727.00 36,659.5 5 
2727 .48 36,653 .0 7 2727.82 36,648.5 6 2727.79 36,649.0 5 
{ 2726.84! 36, 637.5 7 2729.312 36,628.5 6 2728.78 36,635.5 § 
| 2730.24 36,616.0 6 
2731.172 36,603.5 7 Unresolved band due to 
structure in source. 
| a -e 36,596 .0 7 2732.18  36,590.0 6 4 
2732.70! 36,583 .0 7 2733.11 36,577.5 5 
{ band 2733.75 36,569.0 5 
| 2734.12 36,564.0 7 2734.38  36,560.5 5 
2734 .68 36,556.5 4 2735.06 36,551.5 4 2734.95 36,553.00 4 
2735.36 36,547.5 0 
2735 .80 36,541.5 4 2736.33 36,534.5 4 2736.26 36,535.5 4 
2737.12 36,524.0 1 2737.83 36,514.5 1 2737.94 36,513.0 1 
2738 .69 36,503 .0 4 2738.95  36,499.5 4 2738.76 36,502.0 4 
2739.48 36,492.5 1 
2739.85 36,487 .5 4 2740.19 36,483.0 4 2740.08 36,484.5 4 
2740.45 36,479.5 1 
2741.02 36,472.0 1 2741.05 36,471.5 1 
2741.813 36,461.5 8 { 2742 (03! 36,458 .5 6 2742.00 36,459.00 6 
2742.45 36,453.0 6 2742.37 36,454.0 6 
2743 .09 36,444.5 5 2743.54 36,438.5 4 2743.31 36,441.5 4 
2744.71 36,423.0 1 2744.33 36,428.0 1 
2745 .05 36,418 .5 4 2745.57 36,411.5 4 2745.46 36,413.0 4 
2756.59 36, 266.0 4 2756.93 36, 261.5 6 2756.86 36,262.5 4 
2757.20 36, 258.0 2 2757.62 36,252.5 2 2757.62 36,252.55 2 
2757 .66 36, 252.0 2 2758.03 36,247.0 2 2758.00 36,247.5 2 
2758.11 36, 246.0 2 2758.46 36,241.5 2 2758.42 36,242.0 2 
2758.53 36, 240.5 2 2758.87  36,236.0 2 2758.83 36,236.55 2 
2759.08 36, 234.5 2 2759.37 36,229.5 2 2759.40 36,229.0 2 
2759.86 36, 223.0 4 2760.17 36,219.0 5 2760.09 36,220.0 4 
2760 .93 36, 209.0 2 2761.23 36,205.0 2 2761.31 36,204.0 2 
2761.62 36, 200.0 3 2761.88 36,196.5 4 2761.92 36,196.0 4 
2762.65 36,186.5 6 2763.07 36,181.0 8 2763.10 36,180.5 6 
2763 .86 36,170.5 4 2764.29 36,165.0 4 2764.33 36,164.5 4 
2765 .06 36,155.0 1 2765.63 36,147.5 1 2765.63 36,147.5 1 
2765 .90 36,144.0 3 2766.47 36,136.5 4 2766.47 36,136.5 4 
2767.77 36,119.5 0 2767.66 36,121.0 1 
2786 .52 35 ,876.5 3 2786.68  35,874.5 2 2786.83 35,872.5 3 
2787.86 35,859.5 0 

















1 Unresolved band. 
2 3/2 width. 
3 Double width. 


* Double line. 
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TABLE I (Continued) 














Room temperature Liquid air temperature Liquid hydrogen temperature 
(A) v(cm~) I (A) v(cm—) I MA v(cm~) 
2788 .70 35 , 848.5 4 2788.90 35,845.5 3 2789.08 35,843.5 3 
2789.71 35,835.5 0 
2790.10 35 ,830.5 4 2790.49 35,825.5 3 2790.72 35,822.5 2 
2791.66 35,810.5 0 
2792 .67 35,796.5 3 2793.07 35,792.5 2 2793.22 35,790.5 2 
3053.61 32,738.5 3 3053.53 32,739.5 3 3053.53 32,739.55 3 
3057 .08 32,701.5 3 3057.27 32,699.5 3 3057.17 32,700.5 3 
3060 . 54 32, 664.5 3 3061.00 32,659.5 3 3060.82 32,661.5 3 
3109 . 86 32,146.5 2 3109.91 32,146.0 2 3110.10 32,144.0 2 
3112.14 32,123 .0 2 3112.13 32,123.0 2 3112.33 32,121.0 2 
3114.87 32,094 .0 2 3114.95 32,094.0 2 3115.19 32,091.5 2 
3117 .04 32 ,072.5 2 3117.52 32,067.5 2 3117.67 32,066.60 2 
139420 25,960 0 Beyond limits of plate 
3942.0 25,3570 
13943:0 25,365 0 [3946.08 25,335 0 
3943.0 25,355 \ 3947.5 25,325 
4011.4° 24,922 2 4011.9 24,919 3 4012.617 24,914.5 4 
4012.88 24,913 3 
4013.68 24,908 
4016.4 24,891 4014.18 24,905 4014.10 24,905.0 4 
a. 24,841 2 4024.8% 24,839 3 4025.75 24,833.0 4 
4026.6 24,026 2 4026.2 24, 830 3 
(on 24,547 4074.11 24,536.5 
4073.79 24,541 
{4152.3° 24,076 00 4153.28 24,070.5 1 


(4152.7° 24,074 


f4157.26 24,048 00 
\4157.99 24,044 


4156.84 24,036.5 1 


4644 .9 21,523.0 0 4646.62 21,515.0 0 4647.05 21,513.0 1 
? 4650.74 21,496.0 00 
4840.80 20,652.0 0 
4843.61 20,640.00 0 
4857.94 20,579.0 
4860.80 20,567.0 
4863.40 20,556.0 
4865.90 20,545.5 0 
4868.28 20,536.0 0 
5803.24 17,227.0 1 
5829.00 17,151.00 1 








5 Diffuse band. Appears to be made up of several lines. 
6 Diffuse band. 

7 Narrow bands. Appear to be made up of lines. 

8 Appear to be unresolved lines. 

® Possibly two lines. 


Absorption spectrum in aqueous solution. The absorption spectrum of 
gadolinium chloride dissolved in water resembled that of the crystal, especi- 
ally as regards the position of the muliplets. However in solution the multi- 
plets tended to blur into narrow bands. 
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DISCUSSION OF RESULTS 


The magnetic susceptibility of a hydrated salt of gadolinium has been 
measured by Kammerlingh-Onnes and his associates* from room temperature 
to 1.3°K. Its magnetic behavior is identical with that expected of a per- 
fect magnetic gas having®S for its basic electronic level. It was this very 
level that Hund arrived at in an unforced manner from the electronic con- 
figurations of the rare earths. And it is this level which must be assumed for 
the absorption spectrum of gladolinium ion. 

The fact that the basic level is single (since all S levels are single) would 
lead us to anticipate that gadolinium ion has a simpler absorption spectrum 
than the other rare earths. An S term implies that the vector sum of the 
orbital moments of the electrons is zero. Such a neutralization of the orbital 
moments would be expected to result in an arrangement of unusual stability. 
It requires more energy to disrupt the stable arrangement possessing the zero 
orbital moment of gadolinium than to activate the less symmetrical arrange- 
ment of most of the other rare earths. Hence it is not surprising that the 
salts of gadolinium are colorless, that is, that ultra-violet light is necessary to 
activate them, while the other rare earths that do not have S levels for their 
basic terms are colored. 

The shift in position of the lines as the temperature is reduced is primarily 
due to the contraction of the crystal, that is, the mutual approach of its 
constituents. Such an approach causes a decrease in the difference in energy 
between the various energy levels as is shown by the general displacement of 
the lines toward the red as the temperature is reduced. (That is the inner 
and outer energy levels are affected to different degrees.) Also, the intervals 
between the lines of the same group increase. Such a behavior suggests 
that these intervals are due to the fields external to the positive ion which 
increase in intensity as the ions approach each other. (Experiments are now 
in progress to test this point.) 

The narrowing of the lines as the temperature is reduced is due to 
the thermal agitation of the substances in the crystal lattice. In addition 
to the slight Doppler Effect there is the continuous variation in the intensity 
of the electric fields to which the positive ions are exposed. As the constit- 
uents of the crystal exterior to the positive ion approach and recede from it, 
its energy levels vary. And although at any particular instant the line from 
a single ion is extremely narrow, the line observed spectroscopically is the 
superposition of the lines emanating from all the ions which the light 
traverses and no two of these at any particular instant are exposed to a 
field of the same magnitude and direction. Hence the effect is a greater blur- 
ring or widening of the lines at the higher temperature when the thermal 
agitation is greater. 


8 Woltjer and Kamerlingh-Onnes, Leiden Comm. 167C. 
® Giauque, J. Am. Chem. Soc. 49, 1870 (1927). 
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PHOTO-IONIZATION IN LIQUIDS AND CRYSTALS AND 
THE DEPENDENCE OF THE FREQUENCY 
OF X-RAY ABSORPTION EDGES ON 
CHEMICAL CONSTITUTION 


By Linus PAULING 
UNIVERSITY OF CALIFORNIA AND CALIFORNIA INSTITUTE OF TECHNOLOGY 


(Received July 22, 1929) 


ABSTRACT 


The mechanism giving rise to the electron affinity E of a liquid or a crystal is 
discussed, and it is shown that the relation 


E=ZaW > 


should hold, in which a is a numerical factor lying between 1/2 and 1, and Wo, the 
average potential energy of a free electron in the liquid or crystal (with the sign 
changed), is related to the specific diamagnetic susceptibility of the liquid or crystal 
by the equation 

Wo= —6.43X 10*« (in volt-electrons) . 


Franck and Scheibe’s interpretation of the ultra-violet absorption of aqueous 
solutions of halides as showing photo-ionization of halide ions is used in deducing a 
value of 3.81 v.e. for the electron affinity of water, corresponding to a=0.82. 

Observed values of long wave-length limits for ultra-violet absorption leading 
to photo-ionization in crystals of five alkali halides lead to electron affinities for the 
crystals corresponding to values of a of about 0.80. 

Assuming the relation E=0.80 Wo to hold in general it is found that the dia- 
magnetic susceptibilities of the silver halides are of the correct order of magnitude to 
give electron affinities of the crystals sufficient to allow photo-ionization of the halide 
ions by visible light. This is presumably the primary process in photosensitization of 
the photographic plate. 

The equation 

hvavs= hyp te®™ — Eorystat, 


in which vabs is the x-ray absorption edge of an ion in a crystal, vo that for a free ion, 
# the electrostatic potential at the center of the ion due to surrounding ions, and 
Eecrystal is given by E20.80 Wo, is used to predict shifts in the K edge of chlorine in 
_various crystals and of potassium in its halides. The predicted shifts agree well with 
those observed for the series LiCl, NaCl, KCI, RbCl and KF, KCI, KBr, KI, support- 
ing the contention that the factors of importance in producing shifts of the edges in 
these cases are the electrostatic potential and the electron affinity of the crystals. 


I. INTRODUCTION 


PHYSICAL concept of great importance for the interpretation of 
many phenomena has been recently introduced by Sommerfeld.! This 


is the so-called outer field, or, to use what seems a better name, the average 
potential within a condensed substance. 
of metals the energy of a metallic electron or “free” electron is represented 


1A. Sommerfeld, Naturwiss. 15, 825 (1927). 
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In Sommerfeld’s electron theory 
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as the difference of two energy quantities, W;— Wo. Wp is the average poten- 
tial energy of the electron as it moves around in the metal, and W, is its 
average kinetic energy. Wp is equal to eV», where V, is the average potential 
within the metal. 

Bethe’ has obtained a theoretical expression for the average potential 
in a liquid or solid substance; it is 





2reN _ 
Vo= >r’, (1) 
3u k 
in which 
wees Qe r ) 
r= f f f r'yw,*r? sin Odrdédd. (2) 
0 0 0 


Here r, 0, and ¢ are the spatial polar coordinates of an electron in an atom 
relative to the nucleus, so that 7*, is the quantum mechanics average value 
of r? for the kth electron. The sum is to be taken over all the electrons in 
an atom. JN is Avogadro’s number and 7 is the molal volume.* 

Rosenfeld‘ has pointed out that V» for a given substance is related to its 
specific diamagnetic susceptibility. The Pauli formula for the molal dia- 
magnetic susceptibility is 

Ne? _ 
x=—-—— Dy, (3) 
6moc? 
which when combined with Eq. (1) gives 


4amoc*x 
Vo= ——— (4) 
ev 
or, on writing in place of x/v the specific susceptibility x and introducing 
the numerical value of the constants, 


Vo=—6.43X10% (in volts) 


5 
Wo=—6.43X10% (in volt-electrons). (S) 


Thus a knowledge of the diamagnetic susceptibility of a liquid or solid 
substance permits the prediction of the average potential energy of a free 
electron in the substance. The total energy of the electron will be 7,— Wo, 
in which 7, is the average kinetic energy of the electron. It is probable 
that even in the lowest state T, is not zero for a free electron in, say, a 


2 H. Bethe, Ann. d. Physik 87, 55 (1928). a 

3 Bethe applied this formula in evaluating V) for nickel, obtaining r,* by the use of screen- 
ing constants given by L. Pauling, Proc. Roy. Soc. London A114, 181 (1927). He used the 
wrong constants, however; introduction of the correct diamagnetism screening constants in 
his formula leads to V)=16.38 volts, which is in better agreement with experiment than the 
value of 18.93 volts which he obtained. 
4 L. Rosenfeld, Naturwiss. 17, 49 (1929). 
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crystal of sodium chloride. The electron as it wanders from ion to ion pene- 
trates into each ion, traversing an orbit which is in part similar to a Kepler 
orbit. For a Kepler orbit T, is equal to one-half the average potential energy, 
with the sign changed; that is, to } Wo». On the other hand an electron moving 
in a region of constant potential, such as Sommerfeld assumes in his electron 
theory of metals, has in the lowest state 7,=0. Hence the total energy of 
a free electron in the lowest state is to be expected to lie somewhere between 
—W, and —3W,; in other words, the electron affinity E of the liquid or 
crystal should lie between }W, and Wy. It will be shown in the following 
sections that a number of observed phenomena indicate that £ is uniformly 
equal to about 0.80 Wo. 


2. PHOTO-IONIZATION OF HALIDE IONS IN AQUEOUS SOLUTION 


Franck and Scheibe® have interpreted the absorption of light in the far 
ultra-violet region by aqueous solutions containing halide ions as resulting 
in the removal of an electron from a halide ion. By means of a calculation 
similar to the following one they evaluated the electron affinity of water as 
about 18.5 Cal/mole, or 0.8 v.e. Accepting their interpretation of the phe- 
nomenon in the main, but introducing a significant change, we shall obtain 
88 Cal/mole or 3.8 v.e. Mer, what = 

Both the initial state and the final state are different for a free halogen 
ion in aqueous solution. The final state, consisting of a halogen atom and an 

“electron, lies lower by an amount Ey,0 equal to the electron affinity of water. 

' It is assumed here that the free electron is in its lowest state; hence the 
absorption frequency which corresponds is that of the long wave-length 
limit of absorption. In addition the upper level is shifted by an amount 
equal to the heat of hydration of the neutral halogen atom, estimated by 
Franck and Scheibe at 5 Cal/mole. We shall neglect this quantity. 

The lower level is shifted by an amount equal to the potential energy 
of the electron in the electrical field of the water dipoles about the ion. 
The following argument shows that this is equal to twice the contribution 
of the water dipoles to the heat of hydration of the halide ion. Let Be be the 
potential produced at the center of the ion by the charge e. The work done 
in adding the element of charge de to the charge already present is then Bede, 
and the total work involved in moving a charge e from a region outside the 
liquid to the liquid is /j8ede=48e. But the potential energy of the charge 
e in the potential Be due to the surrounding dipoles is Be?, and this much 
energy must be supplied if the charge is to be removed so rapidly as not to 
allow the water dipoles time for reorientation. Since the hydration energy of 
a halide ion is due almost entirely to orientation of the water dipoles (the 
contribution of electronic deformation composing only about 3 percent of 
the dielectric constant), we may take 2Hx_ as the shift of the lower level.’ 


§ J. Franck and G. Scheibe, Zeits. f. physik. Chemie 139, 22 (1928). 

* Franck and Scheibe made their calculation for the maximum in the absorption curve. 

7 As a matter of convenience only this entire energy quantity 2Hx— is considered as 
changing the lower level. This is equivalent to considering the surrounding water dipoles not 
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Thus we obtain the equation 
Ex =hv+ Ex,o—2Hx-, (6) 


in which Ey is the electron affinity of a free halogen atom. In Table I are 
given values of Ex calculated by Born’s method, but with the use of the 
thermal data given in the International Critical Tables.* The crystal ener- 
gies were obtained from the Born equation, m being placed equal to 9 through- 
out. For H, Webb’s values® are taken, and the hv values are from Franck 
and Scheibe’s published curves. 


TABLE I. Photo-ionization of dissolved halide ions. 











Ex Hx hv Ex,o 
* 90 Cal/mole 70 Cal/mole 138 Cal/mole 92 Cal/mole 
Br- 81 66 126 87 
- 72 61 108 86 








The agreement among the three values for the electron affinity of water 
is satisfactory. The average value is 88 Cal/mole or 3.81 v.e. 

The introduction in Eq. (5) of the known specific magnetic susceptibility 
of water, x = —0.72X10-*, leads to W,=4.63 v.e. Hence Ex,o is equal to 
about 0.82 Wp; this fraction is entirely reasonable in the light of the previous 
discussion. 


3. PHOTO-IONIZATION IN CRYSTALS 


A similar treatment can be given the ultra-violet absorption in crystals 
such as the alkali halides. Here the arrangement of ions about a given ion 
produces a potential ® at the center of that ion; and the energy e&"” is re- 
quired to remove an electron from this potential.'® In the case of simple 
crystals this energy is equal in magnitude to the electrostatic part of the 
crystal energy per stoichiometric molecule, being given by the equation 


eb) = + Ae?/R (7) 


in which R is the distance between adjacent ions and A is the Madelung 
constant, of the value 1.7476 for the sodium chloride arrangement and 
1.7624 for the caesium chloride arrangement. The plus sign is to be used for 
an anion, the minus sign for a cation. 





as part of the system but as a mechanism producing a field. It would be more strictly correct 

to include the water dipoles in the system, in which case the lower level would be shifted by 

the amount Hx —, and the upper level by the amount —H x —, leading to Eq. (6) unchanged. 
Franck and Scheibe, instead of using 2Hx — in Eq. (6), introduced Hy —+P, giving P 

an estimated value of 7.5 Cal/mole. I feel, however, that the argument given above shows that 

P is nearly equal to Hy —. This difference is largely responsible for the small value of the heat 

of hydration of the electron found by them. 

§ Born’s values are Ec; — =86, Ep, — =86, Ey — =79. 

®* T. J. Webb, J. Am. Chem. Soc. 48, 2589 (1926) 
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In analogy with Eq. (6), the minimum frequency leading to ionization 
of the anion in a crystal should be given by the equation 


hy = Ext+e®™ — Eerystat, (8) 


in which Eerystai is the electron affinity of the crystal. Ultra-violet absorption 
has been observed in the alkali halides listed in Table II; the long wave- 


TABLE II. The photo-ionization of halide crystals. 











Crystal hv* Ex eo Eerystal — x 10°** Wo Eecrystal/ Wo 
NaCl 7.1llv.e. 3.90v.e. 8.90v.e. 5.69 vee. 29 7.3 v.e. 0.82 
KCl 6.81 3.90 7.98 5.07 38 6.8 0.78 
RbCl 6.51 3.90 7.65 5.04 43 6.4 0.79 
KBr 5.98 3.51 7.59 5.12 45 6.7 0.77 
KI 4.94 3.42 7.11 5.29 58 7.0 0.76 








* R. Hilsch, Zeits. f. Physik 44, 421, 860 (1927). 
** These values are averages of those in Landolt-Bérnstein and those given by P. Pascal, 
C.r. 158, 37 (1914). 


length limits lead on substitution in Eq. (8) to the values of Ferystai given 
in the table. There are also given values of W, calculated by Eq. (5) from 
the observed specific diamagnetic susceptibilities of the crystals. In each 
case Egrystai 1s equal to about 0.80 Wo. The agreement with the result found for 
water is striking, and suggests that the following approximate relation 
holds in general: 


Eerystal or liquid = 0.80 Wo (9) 


This relation is made the basis of the discussion of the rest of this paper. 


4. THE PHOTO-SENSITIZATION OF THE SILVER HALIDES 


It was suggested in 1921 by Fajans" and by Sheppard and Trivelli™ 
that the primary process in the photo-sensitization of the silver halides is 
the expulsion by radiation of an electron from a halide ion; later the electron 
can unite with a silver ion to form a neutral silver atom. It has long been 
recognized that the quantum must supply energy not only to remove the 
electron from the halide ion itself, but also from the potential &, and various 
subterfuges have been resorted to in order to permit a quantum of small 
energy to do a large amount of work.“ The way out of the difficulty is seen 
from Eq. (8). The electron affinity of the crystal helps in the process of photo- 


‘10 Some justification for assuming the electron to be in a region of effective potential equal 
to that at the center of the ion is provided by Gauss’s mean theorem, which states that the 
average value of the potential over a sphere not including charges producing the potential is 
equal to the potential at the center of the sphere. The first order perturbation energy for an 
electron in a state characterized by a spherically symmetrical eigenfunction would then be 
just —ed®, . 

1K. Fajans, Chem. Zent. p. 666, (1921). 

12S. E. Sheppard and A. P. H. Trivelli, Phot. J. 61, 403 (1921). 

13 See, for example, S. E. Sheppard and W. Vanselow, J. Phys. Chem. 33, 250 (1929). 
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ionization. In the silver halides the term e®' is as large as in the alkali halides; 
but the high molal diamagnetic susceptibility of the silver ion increases 
W, and hence Eerystai to such an extent as to throw the region of absorption 
and photo-ionization into the visible. 

In verifying Eq. (8) together with Eqs. (5) and (9) the most doubtful 
quantity is the diamagnetic susceptibility. Hence we may use these equations 
to obtain values of x, which may then be compared with what experimental 
values there are. In Table III the results of such a calculation are given. 
There is satisfactory agreement in order of magnitude between the calculated 
values of x and the observed ones. This shows that the mechanism which 
we have postulated suffices to account in the main for the phenomenon; the 
electron affinity of the crystal is of the right order of magnitude to provide 
the energy needed to allow photo-ionization of the halide ion by visible light. 
Other effects such as deformation are probably also operative but of minor 
significance (see the discussion in the following section). 


TABLE III. Photo-ionization of the silver halides. 











hv ep) Eerystal —x-* 10 —x- 10%observed 
AgCl 4000A. 2.93 v.e. 9.03 v.e. 10.00v.e. 49.9 4ao7* sie 
AgBr 4400 2.67 8.68 9.52 53.6 49 61 


Ag I 4500 2.61 8.35 8.86 55.7 68 75 


* From Eqs. (5) and (8). 
** From Stefan Meyer, quoted in Londolt-Bérnstein. 
*** From P. Pascal, C.r. 158, 37 (1914). 











5. X-RAY ABSORPTION EDGES IN VARIOUS CRYSTALS 


An equation similar to Eq. (8); namely, 
high = hvope®™ — Eervatais (10) 


is applicable to the case when an inner electron is removed from an ion in a 
crystal; and as a result of variations in the quantity eb —Eeystar the fre- 
quency Vaps of the corresponding x-ray absorption edge will vary from 
crystal to crystal. (In this equation vp represents the absorption frequency 
for a free ion.) 

The most striking qualitative deduction from this equation is the differ- 
ence in behavior predicted for anions and cations. 6" is positive for anions 
and negative for cations, while Eerystas has the same effect for both anions 
and cations; and as a result the behavior of the chlorine K absorption edge 
in the alkali chlorides, for example, is quite different from that of the potas- 
sium K edge in the potassium halides. 

In Table IV are given calculated values of AX, the shift in X.U. from the K 
absorption edge for a free chloride ion, obtained from the introduction 
of e®” and Eerystai in Eq. 10. Values of Eerystai were Calculated from the dia- 
magnetic susceptibility with the use of Eqs. (5) and (8). The agreement 
between the calculated values of AAzic: and the observed ones for the series 
of crystals LiCl, NaCl, KCl, RbCl is excellent, in view of the inaccuracy of 














960 LINUS PAULING 


both the theoretical and experimental figures," and justifies the belief that 
the two factors of significance for the absorption edge shift in this series are 
the crystal potential and the electron affinity of the crystal. In NH,Cl, 
CsCl, CuCl, and AgCl the agreement is not good. A small change (20 per- 
cent) in x would suffice to remove the discrepancies; but it is probable that 
other factors are of significance here. 


TaBLeE IV. The K absorption edge of chlorine in various chlorides. ci —free =4389.3 X. U 











Crystal Structure —x:10%* Eerystal ep AX AAzic: AALicI 

observed** 

LiCl Sodium chloride 25 6.3v.e. 9.77v.e. —5.5X.U. Ox.u. 0X.U. 
NaCl . a 29 5.6 8.90 —5.2 0.3 0.1 
KCl = 38 Ba 7.98 —4.3 ia 1.3 
RbCl . . 43 5.1 7.65 —4.0 1.5 1.4 
NH,CI Cesium chloride 38 5.6 7.56 —3.1 2.4 1.8 
CsCl o ” 48 5.9 7.09 —1.9 3.6 :.§ 
CuCl Sphalerite 38 7.4 9.88 —3.9 1.6 0.3 
AgCl Sodium chloride 45 9.0 9.03 —0.1 $.3 2.6 








* Averages from Landolt-Bérnstein and Pascal. 

** From O. Stelling, Zeits. f. Physik 50, 506 (1928). 

In Table V a similar treatment is given the potassium K edge in the 
potassium halides. In contradistinction to the chlorine K edge, which 
showed a pronounced shift from crystal to crystal, the theory requires that 
the potassium edge lie at about the same wave-length in the four halides. 
This is actually observed. The qualitative explanation of this result is the 
following. In the series of potassium halides eb" decreases in absolute value 


TaBLE V. The K absorption edge of potassium in various halides. X *yre=3415.3 X.U. 











Crystal —x- 10% Eerystal ep) AX AXKF AXKF 
observed** 
KF 23 3.6 v.e. —9.39 v.e. 2.32.0. 0 X.U 0 
KCl 38 _ —7.97 12.5 0.2 0.2 
KBr 45 5.3 —7.60 12.3 0.0 0.2 
KI 58 5.6 —7.10 12.1 —0.2 0 








* Averages from Landolt-Bérnstein and Pascal. 
** O. Stelling, Zeits. f. Physik 50, 506 (1928). 


and Ferystai increases as the interionic distance increases, the magnitude of 
the two changes being about the same. The sum of the absolute values is of 
significance here, and this sum remains nearly constant, so that there results 
the approximate constancy of the absorption frequency. 


4 The experimental values have a probable error of about +0.1 X.U. The principal 
uncertainty in the theoretical values arises from the diamagnetic susceptibilities, which in the 
best cases (LiCl, NaCl, KCI, RbCl, the potassium halides) are probably accurate to 5 percent. 
This gives an error in the calculated wave-length shifts of +0.4 X.U., so that for these 
four chlorides and the four potassium halides the observed and calculated shifts agree within 
the limit of error. 

The values of x given in the table for NH,Cl, CuCl, and AgCl were obtained by adding 
Pascal’s atomic susceptibilities, so that they are subject to still greater error. 
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The discussion of the theory can be combined with the comparison with 
theories previously advanced in explanation of the dependence of the absorpeS 
tion frequency of an element on the nature of the chemical compound. Tho 
proposal that this resulted from a variation in external screening due to 
the outer electrons of the atom and to ions about it was first made by Went- . 
zel, and discussed further by Ray'® and Coster.'’ In the case of a crystal 
this effect is just that which we have treated by the introduction of the 
term e@", which can be considered as the contribution of the external screen- 
ing of the ions about the ion from which an electron is removed. This term 
must necessarily be introduced in any theory of the difference in absorption 
frequency for a free ion and an ion in acrystal. Despite his, it was omitted 
in a following treatment. Stelling'* considered only the effect of the defor- 
mation of the outer electron shells of an ion or atom by surrounding ions or 
atoms. His results can be summarized in the following statement, quoted by 
Aoyama, Kimura, and Nishina: “As the deformation of the negative ions 
increases, the corresponding absorption edge becomes harder (shifts to shorter 
wave-lengths) ; deformation of the positive ions has the opposite effect.” 

The effect of the electrostatic action of surrounding ions in ionic crystals 
was again recognized by Aoyama, Kimura, and Nishina,'® who attempted 
to explain the observed shifts by this effect alone. 

The theory which we have developed can be considered as an extension 
of that of Aoyama, Kimura, and Nishina. It differs from theirs on two 
points. They took into consideration the effect of the changed positions 
of the ions in a crystal when the attraction of a negative ion is eliminated 
by the removal of a photoelectron. This is incorrect, however, for in the 
very rapid process of the absorption of a quantum of radiation by an electron 
the final state of the electron is not the equilibrium state of the entire system, 
but rather a quantized electronic level for the system with the atomic nuclei 
in their original posit ons. The conception that the nuclei remain practically 
stationary during an electronic transition was introduced originally by 
Franck®® in the consideration of band spectra, and applied by Franck and 
Scheibe® in the photo-ionization of a halide ion in aqueous solution; discus- 
sions on the basis of the quantum mechanics have been given by Born and 
Oppenheimer®' and by Condon.” It is evident that these considerations 
apply also to photo-ionization of an ion in a crysta. The second point of 
difference between our theory and that of Aoyama, Kimura, and Nishina 
is that we take into consideration the difference in energy of the final state 
for an ion in a crystal and a free ion. This leads to the introduction of the 


18 G. Wentzel, Naturwiss. 10, 464 (1922). 
6 B. B. Ray, Phil. Mag. 50, 505 (1925). 
17D. Coster, Zeits. f. Physik 25, 83 (1924). 
18 Q. Stelling, Zeits. f. anorg. Chemie 131, 48 (1923); Zeits. f. physik Chemie 117, 161, 

175, 194 (1925); Ber. d. D. Chem. Ges. 60, 650 (1927). 

19S. Aoyama, K. Kimura, and Y. Nishina, Zeits. f. Physik 44, 810 (1927). 

20 J. Franck, Trans. Faraday Soc. 21, 536 (1925). 

21 M. Born and J. R. Oppenheimer, Ann. d. Physik 84, 457 (1927). 

2 E. U. Condon, Phys. Rev. 32, 858 (1928). 
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electron affinity of the crystal, which we calculate with the aid of values 
of the diamagnetic susceptibility. 

The two factors which we have taken into account, the electrostatic crys- 
tal potential and the electron affinity of the crystal, must be included in 
any theory of the x-ray absorption frequency in ionic crystals. We have 
applied it to crystals in which we expect other effects to be of minor signi- 
ficance—univalent chlorides and potassium halides—and have found quan- 
titative agreement for the two series LiCl, NaCl, KCl, RbCl and KF, KCl, 
KBr, and KI. Hence we are allowed to contend that in these cases other 
effects are negligible, and that in particular deformation phenomena can 
be ignored. This is in agreement with the success attending previous efforts” 
to account for the properties of the alkali halides without the use of the 
concept of deformation, which is undesirable on account of the present im- 
possibility of giving it quantitative application. 

In NH,Cl and CsCl, crystals with a structure other than the sodium 
chloride structure, the agreement with experiment is not very good. While 
this may be due in part to error in the values of x assumed, it is probable 
that the crystal structure is also in some degree responsible. Thus our as- 
sumption that Eorysta:=0.80W, may not be universally applicable; it is 
conceivable that the numerical factor may vary from structure to structure. 

In CuCl and AgCl the cation is an eighteen-shell ion, and as a consequence 
is expected to exert a large deforming action on the outer electrons of 
neighboring anions. The deformation will reduce the external screening 
of the outer electrons of the anion, and so will cause a shift to shorter wave- 
lengths. This effect is to be added to those already considered. Some idea 
of its magnitude can be obtained from a discussion of the crystal energy. 
The crystal energy of AgCl as obtained thermochemically is about 1 v.e. 
greater than that given by the Born formula, based on a lattice of non-de- 
formed ions. This suggests that a similar energy change hAv is to be expected, 
which corresponds to AAN= —2X.U., about. Just such a shift is required to 
cause agreement between the calculated values of AXxzic; and the observed 
values. It seems probable that a measurable deformation effect in addition 
to the effect of the crystal potential and the crystal electron affinity is to 
be anticipated in every crystal containing a deformable anion and an 
eighteen-shell cation. 

Fajans, in the effort to support Stelling’s contention that deformation 
is responsible for shifts in absorption edges, has pointed out the existence of 
an analogy between shifts in x-ray absorption edges and variations in the 
mole refraction of crystals. Having found empirically that changes in the 
mole refraction in a series of similar ionic crystals vary inversely as the fourth 
power of the interionic distance, he has shown that a similar relation seems 
to hold approximately for x-ray absorption edge shifts. From this he has 
drawn the following conclusion:** “The dependence of changes of the ionic 
refraction on a high (4th) power of the interionic distance is considered a 


* Linus Pauling, Zeits. f. Krist. 67, 363 (1928); J. Am. Chem. Soc. 49, 765 (1928). 
* K. Fajans, Zeits. f. Physik 50, 531 (1928). 
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sign that these changes represent an attendant phenomenon of the mutual 
polarization (deformation) of the ions in the lattice. Should the validity of 
the same power law be further substantiated for the changes in the x-ray 
spectrum also, it would be possible to interpret these changes in the same 
way, and consequently to consider them, as has already been done by Stel- 
ling on the basis of qualitative relations, as well as many other properties 
as a proof that the ions in the lattice deform each other.” 

Accepting the analogy between changes in mole refraction and shifts 
of absorption edges, we can still reject the conclusion that these effects are 
due to polarization or deformation of the ions in the crystal. The crystal 
potential term e®" and the electron affinity Ferysta: of a crystal, in addi- 
tion to producing a shift in the x-ray absorption edge of the anion, also 
change the position of the ultra-violet absorption of the anion, as was dis- 
cussed in Section 3. Since it is this absorption frequency which determines 
the essential features of the dispersion of light by the crystal, as was shown 
by Herzfeld and Wulf, the analogy becomes evident. But the changes in 
both mole refraction (that is in the dispersion formula) and x-ray absorption 
frequency result from a cause independent of deformation of ions in the crystal; 
namely, from the crystal potential and the electron affinity of the crystal. Neither 
phenomenon need be interpreted as showing polarization or deformation of 
unexcited ions in the crystal. 

The classically non-existent phenomenon of two ions identical in their 
immediate environment having different mole refraction values and dis- 
persion curves is easily understandable in the quantum mechanics. The 
quantum mechanical dispersion formula involves terms having as denomina- 
tors v?—y,*?, where v is the frequency of light striking the ion and v; a charac- 
teristic frequency, equal to (1/h)(W;— Wo), with W; the energy of the ion in 
an excited state and Wp its energy in the normal state. The normal state 
depends essentially on the potential field in the immediate neighborhood 
of the ion, which may not be changed much by introducing the ion into a 
crystal, but the excited states, in particular states in which an electron is 
removed from the ion, are affected very much by the addition of a potential 
such as the crystal potential. Thus the introduction of an ion in a crystal 
changes the quantity Wioniea—Wo by the amount e®” —Eorysta; 
as a result the dispersion formula and mole refraction of the ion are changed 
significantly, even though the electron orbits (that is, the eigenfunction) for the 
normal state are not appreciably affected. It is obviously not correct to speak 
of deformation of the electron orbits here. 


% K. F. Herzfeld and K. L. Wulf, Ann. d. Physik 78, 57, 195 (1925). Herzfeld and Wulf 
interpreted the first absorption in the ultra-violet as the resonance frequency ‘of the anion, in- 
stead of as the ionization frequency, as we have done. It is highly improbable that these nega- 
tive ions have a resonance frequency differing very much from the ionization frequency (see 
Franck and Scheibe, reference 5). They also considered the crystal potential only to influence 
the absorption frequencies; the work should be repeated taking into account the electron affinity 
of the crystal. 
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ABSTRACT 


The dielectric constant and electric moment of methyl, ethyl, n-propyl, n-butyl 
alcohol vapors.— Measurements of the dielectric constant of these alcohol vapors were 
made at several temperatures. A new method was used for measuring the pressure of 
the hot vapor. The agreement with Debye’s equation for the dielectric constant of 
gases is good at higher temperatures where there is no association. Association is dis- 
cussed. The moments are calculated and the following results obtained: methy] alcohol 
A=1.09X107, »=1.68)X10"'8; ethyl alcohol, A=1.58X107™3, »=1.69,x107'8; 
n-propyl alcohol, A =2.30 107%, »=1.65;X107'8; n-butyl alcohol, A =2.91 10-3, 
w=1.65, X1078, 


ECENTLY there have been a considerable number of measurements 
made on the dielectric constant of liquids with the purpose of obtaining 

the electric moment. The interpretation has been made on the assumption 
that for dilute solutions of a polar liquid in a non-polar solute the distance 
between the polar molecules is sufficient to allow the use of Debye’s! well 
known equation for the dielectric constant of gases and its temperature 


variation, i.e. 
e—1 B 
3( v=A+— 
e+2 T 


where « is the dielectric constant, v is the specific volume measured in terms 
of an ideal gas at S.P.T. (i.e. v= V/V» where V is the specific volume and Vo 
is the specific volume of an ideal gas, equal to RT/P) and T is the absolute 
temperature. In this expression A and B are constants for the gas the values 
of which are given by A = 427 No and B=42rNou?/3K where Np is the number 
of molecules per cc of an ideal gas at S.P.T., \ is a constant, K the Boltzmann 
constant and yw the permanent electric moment of the molecule measured 
in e.s.u. Theoretically the constant A is equal to 3(m?—1)/(n?+2) or, 
when 2? is sufficiently near one, to n?—1, n being the refractive index extra- 
polated to infinite wave-length. 

Two methods have been used to determine the electric moment of mole- 
cules in the liquid state. One is to determine the value of A+B/T at one 
temperature and to use the value of 4 as determined by optical data and 
so obtain B/T and consequently uw. The other is to measure A+B/T at 
various temperatures and so to obtain A+ B/T entirely from measurements 
of the dielectric constant. The measurements are complicated by the fact 





1 Marx, Handbuch der Radiologie, 6, 614 (1925). 
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that as the concentration of the polar liquid is decreased the value of € per 
molecule plotted against the concentration does not follow the straight line 
which might be expected at low concentrations. Consequently the value 
of e for the polar molecule is obtained by extrapolating the value of ¢ for the 
mixture to zero concentration of the solute. The principal measurements by 
the first method are by Williams.? In these measurement he uses various 
solvents as benzene, CCl,, CSe and hexane and obtains fairly consistent 
results. 

Lange,’ Smyth, Morgan and Boyce,‘ and Stranathan® have made 
observations on the dependence of the dielectric constant on temperature. 
On account of the small temperature range that can be used the assistance 
of the refractive index value of A is usually necessary in order to obtain a 
value of uw at all accurately. Stranathan‘ discusses this subject at some length. 

Because Debye’s equation is known to hold well for gases, it was thought 
to be of interest to make measurements on the vapors of some liquids which 


F E 


a a ae ee ae | 





























Fic. 1 


had been carefully investigated in dilute solutions and so to find how justifi- 
able is the application of the equation to such solutions. The primary 
alcohols were chosen for this purpose. 


EXPERIMENTAL METHOD 


The apparatus used was the heterodyne null-beat arrangement described 
by Zahn in a previous communication® and used to measure the dielectric 
constant of several gases.’ In order to prevent condensation of the vapors 
it was of course necessary to keep all parts of the gas system at a temperature 


2 J. W. Williams, Jour. Am. Chem. Soc. 49, 1676 (1927); Phys. Zeits. 29, 174 (1928); 
Phys. Zeits. 29, 683 (1928). 

3 L. Lange, Zeit. f. Physik 33, 169 (1925). 

* Smyth, Morgan and Boyce, Jour. Am. Chem. Soc. 50, 1550 (1928). 

5 J. D. Stranathan, Phys. Rev. 31, 653 (1928). 

* C. T. Zahn, Phys. Rev. 24, 400 (1924). 
7 C, T. Zahn and J. B. Miles, Jr., Phys. Rev. 32, 497 (1928). 
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above that of condensation. This was accomplished by winding the glass 
tubing with Nichrome wire and covering this with asbestos. The part of the 
tubing inside the shielding box was kept hot by a gentle stream of hot 
air. 

The method of measuring the pressure of the vapor should be mentioned. 
Since all parts of the tubing had to be kept hot it was impossible to use 
a mercury manometer directly. It was also desired to keep away from stop- 
cocks and the resulting grease, since considerable trouble from this source 
had been experienced in previous measurements, notably in CS.’ 

The arrangement used is illustrated in Fig. 1. The liquid whose vapor 
was to be investigated was introduced at E into the bulb D where it was 
frozen with liquid air. The opening E was then sealed off and the system 
evacuated to less than 10- mm of mercury. The liquid air was then removed 
and the liquid allowed to come to room temperature while some of the 
liquid boiled away and the absorbed air was pumped off. This process of 
freezing and melting was repeated several times in order to get rid of the 
air. The U tube was then surrounded by ice and sufficient of the liquid 
distilled over in vacuo to bring the level to the height shown. 

As described in the previous communication® the readings on the var- 
iable condenser were taken for zero beats with high and low pressures of the 
gas in the condenser. In order to vary the pressure dried air was let in slowly 
on the side F of the U, forcing the liquid upward toward the part of the tube 
A which was kept heated to about 150°C, the liquid evaporating and filling 
the condenser until an equilibrium pressure was established. The pressure 
of the air was then read on a mercury manometer and was equal to the 
pressure of the vapor plus the difference in level of the liquid, which was 
read on a scale directly behind the U. A temperature correction for the densi- 
ty of the liquid was negligible since little of the liquid was ata temperature 
different from 0°C, the temperature gradient from 150°C to 0°C being estab- 
lished over a distance of about 3cm. To obtain alow pressure the air was 
pumped off at F, both levels of the liquid being brought down below that of the 
ice and a pressure as low as the vapor pressure of the liquid at 0°C was obtain- 
able. In practice a pressure about 1 cm higher was used because of the time 
necessary, due to the slow condensation, to obtain equilibrium at low pres- 
sures. Difficulty was experienced in increasing the pressure because a too 
rapid boiling at A would drive the liquid around the bottom of the U and 
allow air to enter the condenser. Several designs of tube were tried and the 
one used successfully was about 8 in. (20.3 cm) from Gto the bottom of the 
U which was of 3/16 inch (4.5 mm) tubing with a section at C of about 3 in. 
(7. 5cm) of 1/16 inch (1.5 mm) tubing and one at B of about 3in. of 3/4 
inch (1.9 cm) tubing. 


EXPERIMENTAL RESULTS 


In the calculation of the results use was made of the complete equation 
as given by Zahn in his original paper.* This was necessary on account of 
the large value of the dielectric constant for the alcohols. It is 
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Cc? K 
-1=-—— 


Co (K+ K'+C)AK+(K+ K’)? 





where the letters have the same meaning as in that paper; K is the capacity 
of the variable condenser at the high pressure of the gas, K’ the fixed capacity 
in parallel with it, AK the change in the variable condenser with the de- 
crease of the gas pressure and C the capacity of the gas condenser including 
lead capacity, Co being the part of this capacity changed by the gas. C 
was determined after each run because it had a slight temperature coefficient. 
Here e€’—1 is of course not that of the gas at the given pressure because 
the readings are not taken from vacuum but from a pressure of 2 or3cm. It is 
therefore the change due to the change in pressure. The value of e—1 for 
the high pressure was obtained by extrapolating, linearly with pressure, to 
vacuum. The results are given in Table I. 

















TABLE I 
T°K (e—1) X10-* p (cm. Hg) e—1 (e—1)oT 
3 —v X 10° 3 
e+2 e+2 
Methyl alcohol 
344.7 2740 33 7875 2.715 
344.8 2640 32 7880 2.717 
399 .3 4765 75 6946 2.774 
413.2 4493 76.1 6731 2.782 
435.2 4015 75.4 6407 2.788 
437.1 3966 76.1 6391 2.794 
478.9 3418 75.4 6004 2.878 
501.9 3112 75.4 5738 2.880 
Ethyl alcohol 
351.0 5985 64.2 9150 3.135 
359.2 2779 33 8515 2.974 
402.8 5032 74.2 7524 3.031 
430.6 4476 75 7096 3.055 
462.5 3882 73.8 6723 3.109 
499 .3 3377 i 6332 3.162 
n-Propyl alcohol 
376.0 3261 40.5 8356 3.142 
416.9 5168 75.7 7835 3.265 
471.7 4160 76.2 7105 3.351 
504.9 3669 75.5 6813 3.440 
n-Butyl alcohol 
384 .6 2784 33. 8950 3.442 
415.9 5500 75.1 8386 3.488 
449.1 4836 75.3 7969 3.579 
490.2 4194 75.3 7559 3.705 








All the alcohols, except n-butyl, were pure commerical alcohols and 
were boiled for 24 hours with calcium oxide to get rid of water. They were 
then distilled off, only the middle fraction being used for the experiments. 
As a test of the water content the alcohols were left in contact with anhydrous 
copper sulphate for several days’ and no green color was observed. The 
n-butyl alcohol was loaned by Professor C. P. Smyth, and showed no trace 
of water. 
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It is important to note that only the approximate values of the pressure 
are given in the third column. Actually the pressures were read to 0.1 mm 
of Hg and the value of 3v(e—1)/(€+2) calculated for each reading and 
averaged. The deviations from the mean are of such an order as to give 
a probable error varying from about 0.1 to 0.5 percent in e—1. The 
values of v were calculated by using the van der Waal equation in the approx- 
imate form 


=| (a/vp — ) 
(eane jee 
Pp 


and the approximate value of y= R7/p used on the right side. a and } were 
obtained from Landolt-Bérnstein’s tables and in the case of n-butyl alcohol 
extrapolated from the other alcohols. a=3600X10- and b=5300X10-* 
were the values used. The values obtained by extrapolating from the other 
normal alcohols and from iso-butyl alcohol on the basis of normal and iso- 
propyl! alcohol both give values approximately the above. The errors in- 
troduced from this consideration are certainly less than 0.1 percent. 

In Fig. 2 are plotted the values of 3v7(€—1)/(e€+2) against 7. The mo- 
ments are obtained from the values of B. Here 
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The values of B and A were obtained by the method of least squares, the 
points being weighted according to their individual probable errors. They are 


B AX 10° uX10'8 
Methyl alcohol 2.332 1.088 1.680 
Ethyl alcohol 2.378 1.578 1.696 
n-propyl alcohol 2.269 2.302 1.657 
n-butyl] alcohol A245 . 2.913 1.659 


The probable errors based on the consistency of the readings themselves 
and the deviations from the straight line are as large as 5 in the last place 
for w and 2 in the third place for A only in the case of n-propyl alcohol. In 
the other determinations they are less. This does not, of course, include the 
possible errors due to calibration, etc. 
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In calculating A and B all the points were used in the case of methyl 
and n-propy! alcohol and the points at the three and four higher temperatures 
were used in the case of n-butyl and ethyl alcohol respectively. A possible 
explanation of the deviation of the points at lower temperature from the 
expected straight line is association. 


ASSOCIATION 


From the law of mass action if we have association into double mole- 
cules, and if p; and p» are the partial pressures of the single and double 
molecules respectively 





Kp2= pi" 
where K is given by the equation of van’t Hoff 
d log K QO 
dT ~——-RT® 


Q being the heat absorbed by a gram molecule in the dissociation from double 
to sincle molecules. On integrating and neglecting the variation of Q with 
temperature, 


log K=Q/RT+ const. 
In the case of two kinds of molecules Debye’s equation takes the form 


e—1 = N,Bit+Ne2Be 
No=NiAi1tN2A2t+ 








3 


e+2 


where the letters have the same meaning as before, and the subscripts 1 
and 2 refer to single and double molecules respectively, N; and Ne» are the 
numbers of each per cc. If P is the total pressure and N the total number of 
molecules p;/P=N,/N and p2/P=N:2/N and the equation becomes 





No(e—1) piBit poBe 
a Pom ph fob ——— 
we T 


but ~:,=P—p2=P—p,?/K and, since p; is nearly equal to P and K is 
large,® then approximately 


pi=P—P?/K;  pr.=P?*/K. 


7 ma - S ) T , ( a 


From this equation it will be seen that v(e—1)/(€+2) is not independent 
of the pressure at which it is measured, but that a linear term is involved 
which becomes increasingly important at lower temperatures (the Q involved 
in K is a negative quantity.) It will be noticed in the case of ethyl alcohol, 


8 For case of water, E. Bose, Zeits. f. Eletrochemie 14, 269 (1908). 
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referring to Table I, that the point at lowest temperature which lies con- 
siderably above the line is at almost twice the pressure of the poirft next 
higher in temperature. This is probably also the reason the lowest point 
for n-butyl alcohol is above the line determined by the other three points 
and is the reason why it was not used in calculating A and B. 

Before the possibility of association and its effect was realized, many 
measurements were made in water vapor without its being possible to fit 
any straight line to the values of v7 (e—1)(/(€+2) when plotted against 7. 
It is planned, by measuring the dielectric constant at several pressures at 
each temperature, to obtain all four constants A;, Ae, B,; and Be. Pre- 
liminary measurements show that v(e—1)/(e€+2) at one temperature is 
linear with pressure. Bose® has shown that considerable association is to 
be expected. 


TABLE II. Comparison with other measurements. 

















Observer Method A’ uX 108 
Methyl alcohol 

Jona!® Vapor 1.61 
Debye! Vapor (one temperature) From refractive index 1.64 
Stranthan® Liquid in benzene 8 .2 (refractive index) 1.64 

. - a : . . 1.67 
Miles Vapor 8.13 1.68 

Ethyl alcohol 
Debye Vapor (one temperature) From refractive index 1.66 
Williams" Liquid (one temperature) _ _ 4“ 1.63 
Stranathan Liquid in Benzene 12.7 (refractive index) 1.74 
Singer" Vapor 36.4 1.11 
Miles . 11.8 1.69% 
n-Propyl alcohol 
Debye Vapor (one temperature) From refractiveindex 1.66 
Lange® Liquid in Benzene Extrapolated temperature 1.53 
coefficient used 

Williams Liquid (one temperature) From refractive index 1.66 
Stranthan Liquid in Benzene 17 .4 (refractive index) 1.75 
Miles Vapor 17.2 1.657 





n-Butyl alcohol 
Lange Liquid in Benzene Extrapolated temperature 1.65 
coefficient used 


Mahant and 
Des Gupta™ Liquid (method not published) 1.62 
Miles Vapor 21.76 1.652 








Other possible explanations of the anomaly are conductivity introduced 
by an adsorbed layer on the quartz insulation or an effective change in 
the plate separation due to the layer. Near saturation, direct-current 
conductivity was found and all measurements were made at pressures such 


* J. H. Frazer, Phys. Rev. 33, 97 (1929). 
10M. Jona, Phys. Zeits. 20, 14°(1919). 

1 J. W. Williams, Phys. Zeits. 29, 204 (1928). 
2 R. Singer, Phys. Zeits. 28, 455 (1927). 

13 P. N. Ghosh, Nature 123, 413 (1929). 
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that the direct-current resistance of the condenser was greater than about 500 
megohms. According to Frazer® for water and methyl alcohol at about 50 
percent saturation the thickness of an adsorbed layer on glass is of the order 
of 10A and therefore negligible from this point of view. Of course the 
adsorbed layer on metal may be quite different from that on glass. 

In Table‘II is given a comparison with other measurements made both 
upon the liquid and the vapor. Column three gives the value for A’ which 
corresponds to the A used in this article but referred to the dielectric 
constant per mol, i.e., A’ =22.44/3. 

In most cases the agreement is surprisingly good between the measure- 
ments in the liquid and in the vapor. In the case of methyl alcohol Strana- 
than obtains the same value for the moment using CCl, as the solvent 
as this investigation gives but he considers the results with benzene as 
solvent more nearly correct. Sianger’s results with ethyl alcohol are difficult 
to explain. There seems to be no generalization as to whether the moments 
obtained from liquids are larger or smaller than those from the vapor. 
It is interesting to note that in every case the value for A’ resulting from 
these investigations is slightly smaller than that obtained from refractive- 
index data. The values of n?—1 for the vapors extrapolated to infinite wave- 
length from data given in Landolt-Bérnstein are 1.0710-* and 1.64 
10-* for methyl and ethyl alcohol respectively, both being larger than the 
values given for A in this paper. The reason for this is difficult to explain, 
since one would expect that the degrees of freedom involved in the vibration 
levels and not appearing in the visible region where the refractive index is 
measured would make A slightly larger than n?—1 extrapolated. 

It is probable that the results given in this paper fall within the ex- 
perimental error or the error introduced by association in the liquids in- 
vestigated by the observers mentioned in Table II. In the case of Strana- 
than® when he depends entirely on his own observations this is true. Mahant 
and Des Gupta" do not give their experimental error. From this point of 
view the results of Linge* appear to be in disagreement in some cases. 

The fact that the alcohols all have nearly the same moment has been 
mentioned by previous investigators of the liquids. It has been already 
mentioned that the moment is ascribed to the OH radical and the addition 
of the CH» groups to the chain does not change this moment appreciably. 

All this work was done at the Palmer Physical Laboratory, Princeton 
University. In conclusion the author takes pleasure in expressing his thanks 
to Professor C. T. Zahn whose assistance was constantly sought and cheer- 
fully given throughout this investigation, and to Professor C. P. Smyth for 
the opportunity to discuss with him some aspects of the work. 
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ABSTRACT 


With the use of a special deposition tube which allowed the withdrawal of the 
cathode without altering vacuum conditions, films of nickel have been sputtered in 
residual atmospheres of hydrogen, helium, nitrogen, and argon, and their gas content 
investigated. This is large, though in general not reaching one molecule per atom of 
metal. Upon heating, the gas is emitted copiously at 300°-400°C, which is just the 
baking temperature range for which such films become magnetic and also much better 
conducting. As permeability is supposed to be a rapid inverse function of atomic dis- 
tance it seems probable that the gas, by keeping the atoms apart, is primarily respon- 
sible for the abnormal magnetic and other properties of such films, although it is 
impossible to separate this effect entirely from the factor of crystal structure. Resis- 
tance measurements made during baking on a series of sputtered and evaporated 
films indicate that the evaporated film contains much less gas than the sputtered even 
when produced in the same gas pressure. This may be explained on the basis of the 
excitation or activation of the gas during the sputtering process, which promotes its 
occlusion—sometimes as a compound with the metal. 

When care is taken to avoid undue heating during sputtering the film may be 
amorphous, or, when prgduced in hydrogen or nitrogen may be crystalline with a 
lattice somewhat different from the normal, pointing to the existence of nickel hydrides 
and nitrides produced in the activated gas in sputtering. Definite evidence of helium 
or argon compounds is lacking. These films also possess to a remarkable extent the 
ability to absorb or “clean up” hydrogen when a certain critical temperature is ex- 
ceeded. This temperature depends on the previous heat treatment given the film and 
may be as low as 100°C. The amount of hydrogen absorbed is many times that re- 
quired for a monomolecular layer for the superficial area of the film. The hydrogen 
shows no effect on the crystal lattice and as the higher the baking temperature 
(i.e., the larger the crystals) the less the absorption, the gas is supposed not to enter 
the crystal structure but to be located in the inter-crystal region. This may be 
typical of gas absorption in general—excepting such cases as palladium-hydrogen. 


HILE there has been a good deal of interest in the theory of the process 
of cathodic sputtering! the question of the character of the films them- 
selves has received somewhat less attention. It is well known that such films 
are initially markedly different from those produced in other ways, that they 
undergo on heating large and irreversible changes in resistance and some 
other properties,? and that they may show other abnormalities. We shall 
discuss here the results of a series of experiments—involving, in all, half a 
thousand films—designed to throw-additional light on the gas content, 
crystal structure and some other matters connected with the metal in this 
form. “ 
1 For numerous references see L. R. Ingersoll and L. O. Sordahl, Phys. Rev. 32, 649 (1928). 
2 R. W. King, Phys. Rev. 10, 292 (1917). See also a series of papers by Richtmyer, Curtiss, 


Koller, Becker and Kahler in Phys. Rev. 15 and 18 (1920 and 1921). 
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The films experimented with have in the main been of nickel, as one of 
the points it was particularly desired to clear up was the explanation of the 
magnetic anomalies shown by sputtered films of this metal.* 

Production of films. The films were sputtered on thin (microscope cov- 
er) glass or quartz plates, which had been previously heated almost to 
redness, or on the thoroughly degassed walls of the tube itself in a second 
type of apparatus. Residual atmospheres 
of hydrogen, nitrogen, argon, and helium*— i 
all purified with great care—were used, the 
pressures varying from about 0.1 mm up to 
2 mm or more in some cases. The current 
was furnished by small D. C. generators, the 
voltage being from 700 to 1400 and the cur- 
rent of the order of a few milliamperes per 
sq. cm. of cathode surface. 

The depositing chambers were of two 
different types. The first and most used® was init 
a jar of about 4 liters capacity with various + CW 
arrangements of cathode. This large vessel ees Ne 
had certain advantages but it could not, _ ) 
with all its contents, be thoroughly baked. 

Furthermore, tests of any sort on the films 

required their removal and consequent ex- 

posure to air. Accordingly, a second type of E 
chamber was designed as shown in Fig. 1. 7 r 
is a 2.5 cm diam. Pyrex tube, with smaller 
tube 7’ at the upper end, making connec- 
tion with traps, McLeod gauge, pumps, etc., 
through a small ground joint. The nickel Ne 
rod electrode E makes contact with the tung- Fig 1. Sputtering tube, second type. 
sten wire inseal W. After baking for several 

hours at about 575°C, T is immersed in water and the film sputtered— 
for several houis in most cases. The tube is then inverted so that the 
electrode slides down into 7’, making it possible to bake or otherwise study 
the gas emission or absorption of the film in T without any complication due 
to the electrode. 

Gas content of films. It has long been assumed that sputtered films 
occlude large quantities of the residual gas. This is supported by a number of 
facts but, so far as is known, there have been no previous extensive experi- 
ments directly aimed at proving the existence of th's absorbed gas and meas- 
uring it. The second sputtering arrangement, just described, was designed 
particularly with this measurement in view and proved very satisfactory 
for the purpose. It was connected with a small capacity McLeod gauge, 























3 L. R. Ingersoll and S. S. De Vinney, Phys. Rev. 26, 86 (1925). 
4 Furnished through the kindness of the Helium Division, U. S. Bureau of Mines. 
5 See Ingersoll and Sordahl, reference 1, p. 650. 
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beyond which was a shut-off. After sputtering, the tube was inverted as 
described and the system pumped down and closed off. The film was then 
slowly baked and the resultant pressure measured, minute by minute, with 
the McLeod gauge. 

It was at once found that the sputtered film released on heating large 
quantities of gas, nor was there any possibility of this coming from the elec- 
trode since it was now in the cool part of the tube. The gas was released 
gradually as the temperature rose, practically nothing coming off under 100°C 
but with a rapid emission in the range 300°-400°. This is just the baking 
temperature range which previous experiment* showed would make the 
sputtered film ferromagnetic and also cause a sharp lowering of resistance, 
A few minutes at around 400° usually brought out the bulk of the gas. 
perhaps half as much more coming out on further heating for half an hour 
at 550°. 

The amount of gas released varied greatly, as might be expected. In 
a typical case the argon occluded in a nickel film about 300 atoms thick 
would be equivalent to a gas layer some 60 molecules deep. As the indica- 
tions are that the proportion of gas to metal is greater in the thinner films 
it is not at all impossible that in some cases the gas molecules may equal 
in number those of the metal. As we shall see later, there is good evidence 
that chemical or quasi-chemical compounds may be formed of the metal 
and gas, and where this is so the proportion may well be as large as this. 

Sputtered vs. evaporated films. It may well be questioned ‘as to how there 
comes to be so much gas in these sputtered films and how it compares in 
amount with that in evaporated films, produced under the same gas pres- 
sure. As sputtering is probably best explained® as evaporation from localized 
hot spots due to ionic bombardment it might perhaps be expected that the 
gas content in the two sorts of films would be comparable. Accordingly, 
a series of films of nickel and platinum were sputtered (first apparatus) in 
hydrogen, helium, and argon, and a like number prepared by evaporation 
in these same gases and at the same pressures. Because of the small areas 
of the films the gas content could not be directly determined by the method 
just described, but an indication of its magnitude was reached by measuring 
the change of resistance which took place when the films were slowly baked 
in a vacuum. Two sample curves are shown in Figs. 2 and 3 and it will be 
noted that the difference is striking; in some of the curves it is larger than 
this. If we make the almost necessary assumption that this drop in resist- 
ance or “aging” effect is to be associated with the escape of gas, we may say 
positively that the evaporated film—at least for two such widely separated 
metals as nickel and platinum—contains much less gas than the sputtered 
film, even when the two are produced under the same pressure. The excess of 
gas in the latter is undoubtedly to be explained’ by the excitation accompa- 
nying the discharge which favors absorption, and, for that matter, actual 
chemical union. 


6 A. v. Hippel, Ann. d. Physik 81, 1043 (1926). 
7 Ingersoll and Sordahl, reference 1, p. 656. 
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Crystal structure. A somewhat comprehensive—but as yet incomplete 
—study by a modification of the powder method yields the following con- 
clusions: Films of nickel (also cobalt) sputtered in the gases we have studied, 
may be initially (a) amorphous, or at least with crystals too small to detect; 
or (b) crystalline, with the same lattice as the massive metal; or (c) crystal- 
line, with a lattice somewhat different from that of the massive metal. 
Baking for a few minutes at 400°C or higher reduces all films to condition 
(b) i.e., upon degassing, normal crystallization sets in. If the sputtering 
conditions are such as to cause considerable heating the film is likely to be 
found in the (b) condition as produced. When care is taken to avoid heating 
—not too large voltage or current, cooling arrangements for film and if 
possible for cathode—the film is likely to be either in states (a) or (c). 

The latter case is the most interesting. The results when the films are in 
this form may be outlined as follows: 

1. Nickel sputtered in nitrogen. A metallic, non-magnetic film with 
face-centered tetragonal lattice: side of unit square, 3.994A; height of 























£30 £30 
L <= 
: 2 
920 - 320 
. c 
S $ 
2 10} 4 210 
v © 
fw « 

0 ay Cra ou 

20 300 450°G 0 30 500 450°C 
Temperature Temperature 
Fig 2. Fig. 3. 


Fig. 2. Resistance-temperature curve for nickel film sputtered in 0.5 mm argon. 

Fig. 3. Resistance-temperature curve for nickel film evaporated in 0.5 mm argon. 
prism, 3.760A; axial ratio, 0.92. This is appreciably different from pure 
nickel which has a face-centered cubic lattice, a9=3.517A. 

2. Cobalt in nitrogen. Metallic, non-magnetic. Face-centered cubic 
lattice, a@9=4.297A+.007. This is very close to CoO which was prepared 
and showed ao=4.24A. This latter, however, was somewhat magnetic and 
proved much more stable on heating, while nickel and cobalt in nitrogen 
films reduced to the normal lattice at less than 400°C. Pure Co is face- 
centered cubic, @)=3.554A. 

3. Nickel in hydrogen. Metallic, non-magnetic. Face-centered cubic 
(slight uncertainty) lattice of dimensions about 6 percent above that of 
normal nickel. That this is a definite condition or compound of some stability 
is indicated by the following fact: In one or two cases the films showed a 
lattice distention of only about 3 percent, or half the above, i.e., were defi- 
cient in hydrogen. When such a film was given a series of short bakings, 
with the crystal structure examined after each, it was found that the 3 
percent swollen lattice lines soon disappeared and there appeared lines of 
the normal nickel lattice and also of the 6 percent distention. In other words, 
part of the film was robbed of its hydrogen to build up the rest to the rela- 
tively stable distended state. 
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While there are some discrepancies,* these can perhaps be accounted for 
on the basis of the great variety of conditions which occur in sputtering 
which render any study of this process more or less of a statistical matter. 
The evidence is still good that in the sputtering process there may be formed 
compounds of nickel and cobalt with such gases as hydrogen and nitrogen, 
metallic in character and of some stability. 

We have spent a good deal of effort in investigating the possible exist- 
ence of nickel and cobalt helium or argon compounds, and for a time the 
evidence seemed positive and conclusive.* When, however, by taking the 
utmost pains, these gases were reduced to a state of practically spectro- 
scopic purity, only the normal nickel or cobalt lines came out in the x-ray 
analysis. Such compounds with these gases, in the excited state, are by no 
means unthinkable, however, and may yet be produced under special sputter- 
ing conditions. 

Magnetic Considerations. Oseen™ and others have sugested explanations, 
based on electronic considerations, of the non-ferromagnetic character of 
(many) sputtered nickel films. The present work, however, seems to offer 
a simpler explanation. When pains are taken to avoid condition (b) above the 
film may be amorphous or a weak compound. In either case it contains a 
great deal of gas and this cannot but mean a greater than normal distance 
between the atoms (or molecules). Now on any theory of ferromagnetism 
the permeability is an enormously rapid inverse function of the atomic 
distance— in the older theories proportional to the inverse sixth to tenth 
power and in the newer! to an exponential function. This, in addition to 
the parallelism between the loss of gas on baking and the regaining of ferro- 
magnetic properties, makes it seem reasonable that the gas is the primary 
factor’ in these magnetic abnormalities, rather than the matter of amor- 
phous or crystalline structure as originally believed.’ For we have had many 
examples of a non-magnetic film which still clearly showed a crystal lattice. 
However, as it seems impractical to remove the gas without the film regaining 
its normal crystal structure, it is really impossible to separate entirely these 
two factors. 

Hydrogen absorption. Since it is well known that nickel absorbs hydrogen 
some experiments, along this line were tried with these films. The results 
were unexpectedly striking. After sputtering in the apparatus shown in 
Fig. 1, the film was baked at a rather low temperature, say 200°, for a few 
minutes to remove most of the surface gas. Upon cooling, pure hydrogen at 

8 G. Bredig and R. Allolio, Zeits. f. Phys. Chem. 126, 41 (1927), report nickel sputtered in 
hydrogen with a hexagonal lattice. 

® J. D. Hanawalt and L. R. Ingersoll, Nature 119, 234 (1927). 

10 C, W. Oseen, Zeits. f. Physik 32, 940 (1925). 

11 W. Heisenberg, Zeits. f. Physik 49, 619 (1928). 

12 The obvious criticism of this point of view would be to the effect that, while perhaps 
the best for amorphous films it is not so satisfactory in the case of compounds. Thus the non- 
magnetic character of CoN (since the lattice is about the same in dimensions as CoO it is 
probably to be written CoN) could be interpreted as due to electron distribution. We might 
argue briefly as follows: Elements with completed or symmetrical groups of electrons have zero 
magnetic moment. In CoO the 25 electrons left after giving two toO can form a completed 
group of 18, leaving 7, which cannot form a symmetrical group, hence a resulting magnetic 


moment. In CoN, however, the 24 electrons left after taking three for N may form a group of 
18, with 6 left for a complete sub-group of zeso moment. 
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a pressure of 0.1 mm or more was then let in, the system closed off and the 
film slowly heated up again, the pressure being measured every minute. 
Nodiminution wasnoted untilacertain critical temperature had been reached, 
after which there was a rapid absorption as shown by the lowering of the 
pressure to a very small value. This “cleanup” phenomenon was studied 
at some length and the following generalizations can be made: 

1. The effect seems to be limited to hydrogen. Helium and nitrogen 
show no absorption. 

2. It holds for nickel sputtered in helium, hydrogen, and argon (nitro- 
gen not tried) but in hydrogen the effect is complicated by the release of 
hydrogen from the film and its subsequent absorption. 

3. The critical temperature at which absorption begins depends on the 
previous baking to which the film has been subjected. If this has been 
thorough enough to produce complete and normal crystallization, very little 
hydrogen will be absorbed and that not until a rather high, e.g., 400° tem- 
perature has been reached. If the preliminary baking has been slight, the 
critical temperature may not be over 100°. 

4. The absorbed hydrogen does not affect the crystal lattice which, because 
of the bakings, is that of the normal metal. 

5. The amount of hydrogen absorbed is many times (perhaps fifty) that 
required for a monomolecular layer in the ordinary sense. 

The process might appear to be a sort of solution of the hydrogen in the 
metal which takes place at a temperature dependent on the state of aggrega- 
tion, but if so the results are somewhat different from those of Sieverts® 
and also Borelius on the solubility of hydrogen in nickel. For the depend- 
ence on temperature in this latter case follows an exponential law, while in 
our films there is no absorption whatever until the critical temperature is 
reached. 

The effect may possibly be thought of as an adsorption on the surface 
of the crystals as this checks with the fact that the larger the crystals the 
smaller the total absorption. The gas does not enter into the crystal lattice as 
may be thecasein sputtering. If wecan regard this asa greatly exaggerated 
but still somewhat representative case of gas absorption, we reach the import- 
ant generalization that when gas ts absorbed in metals it is located in the inter- 
crystalline region. We must probably except here such cases as palladium- 
hydrogen.'® 

It might be expected that there should be a certain equilibrium pressure 
for hydrogen in contact with the film, for each temperature. There are 
clear indications that th’s is the case, but the matter is too much complicated 
by continued further outgassing and progressive crystallization of the film 
for accurate measurement. These films may be active catalytically, a matter 
to be studied further. ; 

In conclusion, we wish to acknowledge the assistance rendered in this 
work by Forrest Western, Sr. Mary Samuela Murray, and particularly by 
J. S. Owens. 


3 A. Sieverts, Zeits. Physik. Chem. 77, 591 (1911). 
4G, Borelius, Ann. d. Physik 83, 121 (1927). 
16 L. W. McKeehan, Phys. Rev. 21, 334 (1923). 
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ABSTRACT 


Experimentally it is found that hydrogen is necessary for the generation of radio- 
frequency current, but that numerous cathodes, generally of even atomic number, 
may be used. The spectrum of the oscillating arc shows the Balmer series and the 
first spark spectrum of the cathode. With the cathode sufficiently hot, the cathode 
lines disappear, leaving a strong Balmer series on a continuous background. All 
oscillating arcs of the Poulsen type have about the same high-frequency limit, viz., 
5 X10* cycles per sec (60 meters). 


I. INTRODUCTION 


ARLY investigators recognized that a hydrogen, or hydrogenic atmos- 

phere was necessary for the production of radio frequency oscillations 
in the Poulsen arc.! In practice, this atmosphere is obtained through de- 
composition of a hydrocarbon by dropping it into the arc flame, which is 
actuated by a strong magnetic field. Carbon was the usual cathode material 
employed. 

By circulating arc exhaust gases by means of a Collie apparatus when 
city gas, methane and various other hydrocarbons were used, and analysis 
of the products, Pierce* concluded that the arc atmosphere cycle was 


x’C+xHeC,’H,@x’C+xH. 


It was stated that an equilibrium existed tending toward a high per- 
centage of hydrogen and carbon particles, which served as the “carrier or 
striker across the arc gap.” Later work in this laboratory proved that when 
using titanium, zirconium or uranium as cathodes in an atmosphere of pure 
hydrogen, oscillations resulted without this gaseous hydride equilibrium. 

Recently a series of tests was made using methyl, ethyl, propyl, butyl 
and amyl alcohols as the source of hydrogen. In each case the oxygen present 
was carried away essentially as carbon-monoxide. The remaining products 
of decomposition consisted chiefly of hydrogen together with from 1 to 5 
percent unsaturated gaseous hydrocarbons and a lesser amount of poly- 
merized higher hydrocarbon oils and tar. There was a marked accumulation 
of these liquids and solid polymerization products in the arc chamber. 

It has been shown that due to thermal and electrical influence, decom- 
position of the hydrocarbon is accompanied by the formation of higher 
molecular weight compounds of a lesser hydrogen content, and a resultant 


1 Elwell, “The Poulsen Arc,” E. Benn, Ltd. pp. 47-48. 
2 Ph. D. Thesis, Stanford University, “A Study of Longitudinal Field Poulsen Arc Con- 
verter,” p. 64, 1923. 
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liberation of that element in the gaseous atomic state.’ In the above case 
of the oscillating arc, radiation or arc output was proportional to-the per- 
centage of this free hydrogen in the hydrocarbon decomposition products. 
These evidences led to the supposition that the cause of oscillation was 
inherent in hydrogen and hence, independent of the various hydrocarbon 
atmospheres, except as to their ability to furnish this gasin the free state. 


II. TRIALS IN OTHER ATMOSPHERES 


To obtain experimental information concerning the necessity for hydrogen 
in the oscillating arc, attempts were made to operate in numerous other 
atmospheres as described below. 

1. Helium. Using a carbon cathode with 20 kw input power, helium was 
fed into the arc in a steady stream. The helium was supplied by the Mathe- 
son Co. and contained 2 percent of nitrogen. Weak oscillations were generated. 
The arc was accompanied by a peculiar audible whistle. Visual spectro- 
scopic examination showed hydrogen but no helium. The hydrogen being 
a residue from previous work, was gradually swept out by the helium. As 
this proceeded, the Balmer lines lost intensity and the radio-frequency cur- 
rent dropped. In hydrogen-free helium, no oscillations were obtained. 

2. Nitrogen. No oscillations were ever obtained at any time in nitrogen. 

3. Oxygen. Chromium, which gives transient oscillations upon striking 
the arc in hydrogen, gave no transients in oxygen. 

4. Ammonia. This gas, fed from a tank of the liquid, permitted oscilla- 
tions by virtue of its decomposition, the hydrogen being active and the 
nitrogen remaining inert. 

5. Carbon disulphide. Owing to the fact that an arc will oscillate with 
both electrodes of copper and a hydrocarbon atmosphere, it was thought 
advisable to try a volatile carbon compound not containing hydrogen. 
A 30 kw arc fed with nitrogen bubbled through carbon disulphide, failed 
to oscillate. The dc. arc gave no spectroscopic evidence of hydrogen. The 
nitrogen was eliminated by introducing liquid carbon disulphide directly 
into the hot arc chamber, causing its instant vaporization, with the same 
result. 

6. Carbon tetrachloride. This is identical with 5 except that the carbon 
disulphide was replaced by carbon tetrachloride. 

Thus there is plenty of evidence that hydrogen is absolutely necessary 
for oscillations. 


III. Usk oF THE ELEMENTS OF THE PERIODIC TABLE AS CATHODES 


The effect of hydrogen may be separated from the effect of the electrodes 
by a study of a large number of elements as electrodes. Since the effect of 
the anode upon the oscillation is negligible, it was simply necessary to try 
the elements as cathodes. 

The experimental arrangement for low powers is shown in Fig. 1. The 
arc was a 2 kw converter of the type in which the magnetic field is along 


8 Lind, Science 67, 565 (1928). 
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the axis of the arc. This allowed the electrodes to be vertical and thus the 
bottom copper electrode could be made cupshaped in order to hold 
powdered material. When low magnetic fields were desired, the magnet 
was energized by the arc current; for larger fields, the switch (S$) allowed 
the full e.m.f of the generator to be impressed upon the magnet. The average 
direct current through the arc was 6 to 10 amperes. 
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Fig. 1. Experimental arrangement for low power. 


The tuned circuit could be adjusted from 60 kc to 6000 kc; a series 
resistance of 2 to 6 ohms was kept connected in the circuit to simulate a 
load. The average radio-frequency current was 4 to 7 amperes at the optimum 


frequencies. 
The arc was provided with a window through which observations could 
be made normal to the arc stream and which permitted spectrum photo- 


pag WV Vv Vi 
B* | [c) 
[Al] (si) 
] 


Sn Sb 
Ta 
[Pb] Bi 





U) 


Fig. 2. Grouping of elements permitting oscillation. 


graphy. Commercial hydrogen was fed into the arc chamber from a tank 
through a purifying train to remove oxygen and water vapor. 

In all, 42 elements were tried: 22 of these permitted oscillations. The 
results are tabulated in Fig. 2, in which the presence of an element signifies 
that it was used as a cathode, and of brackets, that continuous oscillations 
were generated. Those in parentheses generated transient oscillations upon 
striking and opening the arc, and those starred would not sustain a direct 
current in hydrogen. In practically all cases except carbon, the oscillations 
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are valueless for practicai purposes, either on account of rapid disintegration 
of the cathode or chemical action of the hydrogen. 

It is of interest to note that there is a clearly defined tendency for the 
bracketed elements to favor the even numbered groups. It seems evident 
that the presence of an even number of electrons in the valence shell much 
facilitates the production of sustained oscillations. The exceptions are alumi- 
num and iodine. 

The high frequency limit of all these generated oscillations is approximately 
a constant, viz. 5X10 cycles per sec. At this frequency the radio-frequency 
current becomes of the order of a tenth of an ampere with 6 to 10 amperes 
in the dc. line. The low frequency limit occasionally suffers variations. 
Most elements will permit oscillations as low as 6 X 10‘, the lowest frequency 
experimented with. Exceptions are platinum and iodine, stopping at 5 X 10°, 
and cadmium, stopping at 0.88 10° cycles per sec. 

Spectrograms were taken of practically all the oscillating arcs in the re- 
gion 3200-4100A with a replica transmission grating mounted on glass, 
giving a dispersion of 13A mm in the first order. The characteristic spectrum 
of an oscillating arc consists of the Balmer series and the first spark spectrum 
of the element acting as cathode. The Balmer lines are extremely broad 
due to the pressure (1 atmosphere). The arc lines of the cathode material 
occur weakly, and occasionally also the rates ultimes of copper, the common 
anode through all these experiments. 

The spectrograms served as a convenient check as to whether the element 
supposedly being used as cathode was really behaving as such. For example, 
anomalous oscillations were obtained with sodium until the spectrogram 
showed only hydrogen and the raies ultimes of aluminum, present as impurity. 

Spectra somewhat different from those above were obtained in three 
cases,—carbon, tungsten and molybdenum. The first has been described 
by O’Connor.‘ 

Using the arc transmitter at Armstrong College, England, he obtained 
strong Balmer lines together with the chief carbon bands and a few weak 
copper lines with the arc non-oscillating, while with the arc in the oscillating 
condition the copper lines disappeared and the Balmer spectrum strengthened. 
We have found somewhat different phenomena, viz., that the Balmer spec- 
trum definitely weakened upon allowing the arc to generate, and the carbon 
bands became predominant, while the trace of copper vanished. 

This is at a power of 2 kw; larger powers will be referred to in the next 
section. 

The other two spectra mentioned as being different from the general 
run are those of the tungsten and molybdenym arcs, which resemble each 
other. The chief feature of these is a large amount of continuous spectrum 
making the color of the arc pink or white instead of red, (dueto Ha). The 
higher temperatures indicated by this are also evidenced by the greater 
emission from the cathode. 


‘ O’Connor, Phys. Zeits. 12, 196 (1911). 
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The fact that all the arcs have practically identical frequency character- 
istics would seem evidence that the oscillation is due to some property of 
hydrogen which is the common factor throughout. 


IV. Errects AT HiGH TEMPERATURES 


If an arc be operated with these cathodes and hydrogen atmosphere, 
with input power of 20 to 30 kw, somewhat different phenomena present 
themselves, due to greatly increased dissociation of the hydrogen. The 
temperature is much higher, consequently the number of elements that will 
stand the treatment of use as cathodes is greatly reduced. The number is 
practically restricted to carbon, tungsten and molybdenum, and of these, 
the last two soon melt unless water-cooled. 

The spectra in these cases consist of powerful continuous backgrounds 
with an intense superposed Balmer Series. The absence of metallic lines 
indicates that the nature of the cathode is immaterial provided it is a good 
electron emitter at these temperatures. 

The metallic lines can be excited by shortening the distance between 
electrodes. There will be a definite distance for each set of conditions at 
which the arc goes out of oscillation and the cathode, (and occasionally the 
anode), lines appear at this distance. Simultaneously with their appearance, 
the Balmer lines decrease in intensity. The cathode lines also appear at the 
instant of striking. 

The high temperature arc furnishes us with a simplification, for the 
oscillating system has been reduced to a pure electron emitter in a hydrogen 
atmosphere. However, the emitter must be one of the bracketed elements 
of Fig. 2. 


V. CONCLUSIONS 


Since the presence of hydrogen (in the atomic state) is thus shown to 
be all-important for the generation of oscillations, the question arises as to 
what property of the hydrogen atom is involved. The early experimenters 
claimed that as the hydrogen atom was the lightest, its lack of inertia would 
permit of rapid deionization of the region of the arc flame following extinction 
by the magnetic field, thus allowing the succeeding cycle to follow quickly, 
in fact, permitting the generation of radio-frequency current. But this 
simple explanation does not account for the total lack of effect in helium, 
whose mass differs from atomic hydrogen by a factor of 4 only. Neither does 
it account for the fact that even-numbered elements perform much better 
as cathodes than odd-numbered elements. 

The value of the evidence furnished by the occurrence of the Balmer 
series in all spectra is somewhat vitiated by the fact that it is also obtained, 
with somewhat different intensity, with the arc in the non-oscillating con- 
dition. This renders conclusions as to the usefulness of the atomic state to 
the oscillation somewhat doubtful. It should be mentioned that feeding 
the arc partially dissociated hydrogen tends to permit more direct current 
to flow and rises the radio-frequency output slightly. 


, 
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Another point is of interest, viz., the canal-ray measurements on time 
of excitation and emission of Balmer lines. Those of Dempster® indicated 
an emission time for H, of 5X10-* sec. Later® by exciting dissociated neutral 
molecules, he obtained a value 5 X 10-7 sec. Recent observations of McPetrie’ 
give for the time of excitation of the atoms nearly 10~® sec. and the emission 
time 2X10-* sec. Since the high frequency limit for oscillating arcs is about 
0.5107 cycles/sec., the corresponding limiting period is 2X10~-’ sec., 
about the order of magnitude of Dempster’s second value above for dis- 
sociated molecules. 

A complete quantitative theory of the oscillating arc would of course 
account for the negative characteristic in hydrogen, the phenomena already 
described, and the apparent necessity of a continuous stream of hyrdogen. 


5 Dempster, Phys. Rev. 15, 138 (1920). 
6 Dempster, Astrophys. J. 57, 193 (1923). 
7 McPetrie, Phil. Mag. (7) 1, 1082 (1926). 
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INTERMOLECULAR FORCES IN LIQUIDS 


By Joer H. HILDEBRAND 
UNIVERSITY OF CALIFORNIA, BERKELEY 


(Received August 6, 1929) 


ABSTRACT 


The volume energy of liquids, £,, is formulated, as in the Born and Landé 
theory of the lattice energy of crystals, in terms of attractive and repulsive forces 
varying with inverse powers of the distance, or volume, giving 


—a n Vo nm 
ners 2()] 
v™ m\V 


where m and n are, respectively, the exponents of attraction and repulsion, a the 
attraction constant and V the volume and Vo the volume at absolute zero, or when the 
external pressure just balances the thermal pressure, 7(0P/8T),. The theory is 
tested by the use of values of (@E/dV)r calculated by the aid of the thermodynamic 
equation of state from experimental values of (@P/dT),, also by use of the energy of 
vaporization. It is found, (1) that values of Vo derived from highly compressed ether 
and mercury agree well with those derived from density at low temperatures; (2) that 
m varies from 1 for non-polar molecules, m = 1 corresponding to the attraction between 
quadrupoles, to much less than 1 as polarity increases, m = 1/3 corresponding to dipole 
attraction; (3) that at ordinary temperatures and pressures the repulsive term is small 
for the liquids studied, except mercury, indicating a large value of m and that the 
attractive pressure is balanced by the thermal pressure; (4) that taking a = 3180.10*, 
m=1, n=9 and Vo=79 it is possible to calculate (@E/dV)r for ether from a molal 
volume of 79 cc, in the liquid at 12,000 atmospheres, to a volume of 4000 cc in the 
vapor. It is suggested that the thermal pressure should be introduced into the calcu- 
lation of lattice energies by the methods of Born and Landé and Pauling. 


N ENTRY into a field upon which such a vast deal has been published 

as that having to do with intermolecular forces and equations of state 
almost requires an apology. The writer’s excuses for the following contri- 
bution are, first that the assumptions made are direct and simple—there 
will be no speculations, for example, regarding the behavior of an ideal gas 
under the conditions existing in the liquid state; second, that the discussion 
is kept more closely than usual under the protecting wing of thermodynamics; 
and third, that some significant data are employed for the first time that 
throw an interesting light upon the problem. 

We will assume, first, that the molal energy of a liquid, £, may be divi- 
ded into a pure temperature part £,, and a pure volume part, £,, so that 
E=£E,+£,. This cannot be strictly true, because the distance of minimum 
approach upon collision should change with changing temperature as the sub- 
stance is heated at constant volume, but it seems to approximate the truth 
sufficiently for our present purpose. 

Experimental values for the effect upon £, of changing volume may be 
calculated by the aid of the thermodynamic equation of state, 
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OE oP 
w-Gi~ 
OV /r oT /y 


The term 7(0p/07), in this equation may appropriately be called the thermal 
pressure, since it expresses the distending force due to increases in temperature 
when the volume, and hence, presumably, the intermolecular attractions 
and repulsions are unaltered. The important thermodynamic quantity 
(0P/dT)y, which we will indicate by y, we will call the coefficient of thermal 
pressure. This is susceptible to direct measurement, or may be calculated 
from the coefficients of expansion and compressibility, since 


Ge) Ge) Ge) 
aT /p aP /,\aT /y 

For a theoretical formulation of the effect of changing volume upon the 
energy we will follow frequent precedent,! by assuming attractive and re- 
pulsive forces varying inversely with some powers of the distance, r. The 
volume energy, £,, can then be written z,= —A/r'"+B/r'n. (The 3 in the 


exponents is introduced to simplify the change to volume to be made below). 
This corresponds to the force equation, 


dE 3mA 3nB 








dr rimtl pant 


At absolute zero and zero pressure, the thermal pressure vanishes and the 
attractive and repulsive forces just balance at an equilibrium distance, 


ro hence 
m A m {To 3n—3m 
n fim n\? 


Putting Nr?’ =v, where N is the Avogadro number and v the molal volume, 
and substituting a for AN”, we get 


om ° 


where Vp is the molal volume at zero pressure and zero absolute temperature. 
From this we get, by differentiation and comparison with Equation (1) 


dE _ ma [1 (= oe =Ty<P 3) 
Gna) Pe 7 


It is apparent that regardless of the values of m and n in this equation, 
when the pressure is sufficiently high to make the right hand member zero 
the volume v becomes equal to vp. We can therefore make a simple and in- 
teresting test of the equation by calculating from it the value of vp and com- 








1 See discussion by Joffé, the Physics of Crystals, Chaps. I and II. McGraw-Hill, 1928; 
also Born and Landé, Ber. d. deut. phys. Ges. 19, 210 (1918); Born, Atomtheorie des festen 
Zustandes, (1923). 
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TABLE I. Calculated and observed values of (@E/aV) for ether. 













paring this with molal volumes in the liquid and solid states at low tempera- 


The data of Bridgman? on the volumes of liquids at pressures up to 12,000 
atmospheres and temperatures from 20° to 80° are available for this purpose. 
Unfortunately most of the liquids he studied are highly polar, and we wish 
to simplify our initial attack upon this problem by using non-polar, highly 
symmetrical molecules. The best choice we can make from this standpoint is 
probably ether. It is to be regretted that data are not available for a sub- 
stance such as carbon tetrachloride. 





















V P (atm.) c.. AP/At=y7 8E/dV (obs.) d8EF/dV (calc.) 
73.4 11,000 30 25.0 — 3430 — 3940 
12,000 70 
74.4 10,000 27 23.8 — 2860 — 3010 
11,000 69 
75.4 9,000 23.5 23 .3 — 2100 — 2180 
10,000 66.5 
76.4 8,000 15.5 22.0 — 1510 — 1410 
9,000 61.0 
79.4 6,000 24 20.4 +60 _- 
7,000 73 
81.9 4,500 23 18.5 +1080 +1050 
5,000 50 
82.95 4,000 21 17.3 +1070 1330 
4,500 50 
5,000 79 7.3 
83.95 3,500 16 16.7 1330 1570 
4,000 46 
4,500 76 16.7 
85.45 3,000 20 16.1 1725 1830 
3,500 51 
91.0 1,500 16 12.2 2150 2410 
2,000 57 
94.5 1,000 28 52.2 2680 2550 
1,500 69 
100.5 1 0 9.78 2670 2560 
102.0 1 10 9.16 2590 2540 
103 .6 1 20 8.57 2510 2510 
1046. 28.95 218. 0.114 27.1 29.0 
2174 13.17 156. 0.0478 7.3 7.0 
3947 7.94 156. 0.0236 33 2.0 












? Bridgman, Proc. Am. Acad. 47, 345 (1911); 49, 3 (1913). Internat. Crit. Tables, Vol. III.) 
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In order to obtain values of y from his figures, the volume was plotted 
against the temperature for each pressure. The increment of temperature 
between one curve and the next at the same volume gave the figures in the 
2d, 3d and 4th columns of Table I, at the molal volumes, v, given in the 
first column. 

The values for 0P/At when v=100.5, 102.0 and 103.6 were calculated 
from the compressibilities given by Freyer, Hubbard and Andrews,’ the last 
three are from the paper by Keys and Felsing,‘ and refer to ether vapor. The 
use of AP/At in place of 0P/d0T is justified by the practical identity of the 
former between different intervals, as illustrated by the values shown for v = 
82.95 and 83.95, probably first noted by Amagat.® The linear relation between 
P and T has been confirmed by Westwater, Frantz and Hildebrand,® by 
direct observation, although over a much smaller range. Unfortunately the 
irregularities in the data introduce sufficient errors into the slopes to affect 
Ai very noticably so that a plot of y against V does not give as smooth a 
curve as we should like for our ultimate purpose. Bridgman has decided, on 
the basis of his measurements, that this coefficient is not linear, but I believe 
he has been misled by irregularities in his data. He believes these to be real, 
but their complicated nature seems to me to indicate experimental fluctua- 
tions. At any rate, they represent effects of higher order whose explanation 
must be preceded by the development of a general theory. I have accordingly 
smoothed these data and have omitted the data for the lower pressures, 
where the experimental errors and irregularities in y are greatest. 

Examination of Eq. (3) shows that for (@E/0V)r to be zero, V must 
equal vo, regardless of the values of m and n. Table I shows that (@E/0V)r 
is zero when the molal volume is about 79 cc. From the density of ether at 
the melting point, —117.6°C, we calculate a molal volume of 84.0. Upon 
freezing, this shrinks to 80.5. There can hardly be much difference between 
the volumes of solid and liquid at absolure zero for a substance of such 
small polarity, and since the coefficient of expansion approaches zero 
as the temperature approaches zero, a value of vp might be expected slight- 
ly less than 80.5. The agreement with the volume 79, derived by the aid 
of Eq. (3) from data at ordinary temperatures and at pressures of some 
thousands of atmospheres, is particularly striking. (Guldberg’ some years 
ago extrapolated the volumes of a number of liquids to 0° A, obtaining 72.6 
for ether, but he was not aware of the flattening of the curve towards the 
lower end which would yield substantially higher values.) 

The same procedure has been applied to Bridgman’s data for mercury 
but the pressures used suffice only to reduce Ty — P from 12,150 atmospheres, 
when v/V273 = 0.9996, to 5050 atmospheres when v/V273 = 0.9658, so that extra- 
polation is necessary to get the value of v/Vv273=0.94 when 7y—P is zero. 


3 Freyer, Hubbard and Andrews, J. Am. Chem. Soc. 51, 759 (1929) 
* Keyes and Felsing, Ibid, 41, 589 (1919). 

5 Amagat, Ann. chim. phys. [6] 29, 505 (1893). 

* Westwater, Frantz and Hildebrand, Phys. Rev. 31, 135 (1928). 

7 Guldberg, Zeits. physik. Chem. 32, 116 (1900). 
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This corresponds to a molal volume of 13.8 cc (+0.1?). This is in remarkable 
agreement, considering the extrapolation, with the value of vo indicated by 
the following figures: v is 14.70 at 0°C.; 14.60 at the melting point and 13.88 
for the solid; and 13.82 for the solid at —70°C. Guldberg’s value of vo 
for the liquid is 14.0. 

It is noteworthy that for mercury where the data are much 
the practical independence of y from v is very evident. For example, AP/At 
at a relative volume of 0.98204 is 46.3 between 6000 and 5000 atmospheres, 
and 46.1 between 5000 and 4000 atmospheres. 

These results are so striking as to suggest the desirability of further 
experimental determinations of y and v at sufficiently low temperatures 
and high pressures to reduce 7y—P to zero, and using molecules of high 


The second test of Eq. (3) is an elaboration of the results already given 
by Westwater, Frantz and Hildebrand,® showing that v?(7y—P) is a con- 
stant for many substances over a range of temperatures. The writer® has 
elsewhere called attention to the excellent agreement between these results, 
from the direct determination of y, with values calculated from the adiabatic 
compressibility, measured by Tyrer® and from the velocity of sound deter- 
mined by Freyer, Hubbard and Andrews.’® We give further data referring 
to the point in Table II. The figures for some of these liquids have been 
recalculated by the writer for the paper just referred to.* Practical constancy 


TABLE II. Values of V*(0E/AV), in atmos. Xcc*X10~ at different temperatures. 


smoother, 



























































t Benzene Benzene Carbon Ether Chloro- n-Hep Carbon Acetone Methyl 
y Tyrer F.,H  tetra- form _tane disulfide Alcohol 
3 and A. chloride 
0°c 2915 3185 2735 2385 5340 1340 1785 465 
10 2920 2930 3160 2740 2390 5390 1360 1790 470 
20 2930 2935 3135 2720 2385 5405 1565 1795 480 
30 2940 2935 3130 2680 2375 5420 1375 1795 485 
40 2940 2935 3120 2360 5420 1385 1780 495 
50 2930 2925 3100 5410 1405 1760 505 
60 2935 
70 2930 
Mean 2930 2930 3130 2720 2380 5400 1785 
W., F. and H. 2910 3130 5455 1350 1790 


















® Hildebrand, Phys. Rev. 34, 649 (1929). 
® Tyrer, J. Chem. Soc. 103, 1684 (1913). 
10 Freyer, Hubbard and Andrews, J. Am. Chem. Soc. 51, 759 (1929). 


is shown by all except carbon disulfide and methyl alcohol, which increase 
with temperature. The means, given in the next to last row, are seen also 
to be in excellent agreement with the values determined in this laboratory,® 
shown in the last row. 

This constancy is not a very rigid proof that the exponent of rv is 2, 
since v does not vary greatly in this range, but it does indicate more definitely 
the independence of (@E/0V)r of temperature. 
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We may endeavor, next, to test Eq. (2) by the aid of the energy of 
vaporization, AEyap. Ever since the advent of the van der Waals equation 
it has been customary to consider that this is equal to the integral of ad V/V? 
over the continuous path from liquid to vapor. I am indebted to Professor 
G. N. Lewis for pointing out that this neglects the difference in thermal 
energy between the vapor and the liquid. The thermal pressure coefficient, 
(0P/dT)y, appears to be a function of volume only, for symmetrical mole- 
cules, within very narrow limits, both in the liquid and in the vapor. When 
this is true differentiation of Equation (1) with respect to T gives 


dE 
las) + oT | =(), 
OV T V 


hence (0@E/0V)ris a function of volume only. Interchanging variables we 
get (0C,/8V)r=0 which must be true for either the liquid or the gaseous 
phase, but since C, is not the same for the two phases, somewhere in the 
integration path between the volume of the liquid and the volume of the 
gas, 0E/0V ceases to be a pure function of the volume, hence the energy of 
vaporization given by the integration of Equation (3) must be corrected 
by terms containing the specific heats. If we start with the liquid at Vo 
and 7 =0, we may go to the vapor at V’ and 7 (primes will be used to dis- 
tinguish the vapor) by either of two paths, first we may change to vapor 
at V’ and 7 =0, where the only energy is potential, then heat to 7; second, 
we may heat the liquid to 7, expand it to V, and then vaporize it to V’. 
Using Equation (2) to give the energy changes for either phase due to volume 
changes at constant temperature, the equality of the two paths yields the 


equation: 
a m Vo n—m 
AEvap=— E -=(=) | + f c,/dT— foar. (4) 
i n\V 


The term containing V’ has been omitted, since we will apply the equation 
only to vaporizations when V’>V. 

Unfortunately we are hampered in the use of Eq. (4) by the meager 
data for the specific heats of the substances we are studying. The Inter- 
national Critical Tables give C, for a number of liquids and vapors and 


TABLE III. Values of C,, joules per gram. 











Ether Carbon Chloroform Benzene Mercury 





tetrachloride 
Liquid 1.72 0.56 0.66 1.38 0.123 
Vapor 1.73 0.52 0.51 Be 0.062 
Temp. 30° 0° 30° 80° 0° 








Cp/C» for some vapors. Freyer, Hubbard and Andrews give C,/C, for a 
number of liquids. From these figures C, has been calculated in those few 
cases where the temperature correspondence is sufficient to make the com- 
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parison valid between the liquid and vapor states, and when the different 
sources are not too discordant. The value for liquid mercury is Bridgman’s,? 
that for the vapor is the theoretical for a monatomic gas. Table III sum- 
marizes the results. 

In view of the wide difference between the specific heats of solids and 
gases the small differences here shown are very striking, indicating that 
nearly the same degrees of freedom are operative in the liquid and the gas. 
Even the small differences in favor of the liquid form we might expect to 
be reversed at lower temperatures, so that we can hardly make a grave error, 
at least in connection with the more normal liquids, if we neglect the specific 
heat terms in Equation (4). 

We will, thereore, proceed to compare 


Vv’ dE 
f —dV, 
v dV 
obtained from the liquid phase, with AEZ,,,., using V-(0E/0V)r and VAEyap., 
to eliminate largely the effect of temperature. 

Table IV gives values of VAE, some calorimetrically determined, some 
calculated from the curves of vapor pressure. The former indicates some de- 
crease with temperature except for carbon disulfide and methyl alcohol, 
but the latter, which are probably more reliable for this purpose, indicate 


TABLE IV. Values of VAE in atmosp. Xcc?10-*. 





t Benzene Carbon Ether Chloro- n-Hep- Ethyl- Ethyl- Carbon Acetone Me- 











tetra- form tane ene ene disulfide thyl 
chloride chloride bromide alcohol 
0 2790* 2920* 2700 2320* 2510 
2940 
20 — 2600 2300* 5050 2580 3020 1515 2010 1430 
2780 
40 2715* 2840 2300 1540 2170 1460 
2110* 
60 2675* 2840 2265* 
80 2630* 2800* 5020 2540* 
2790 2860 2630 





Weight- 
ed mean 2780 2840 2680 2300 5040 2570 3020 15157 2010 14307 











* Calorimetric t Value for 20°. 


that this is but slight. The long temperature range over which the curve for 
mercury has been accurately measured lends peculiar interest to the values 
for this substance given in Table V. 


TABLE V. Variation of VAE with temperature for mercury. 








°C 20 100 200 300 
vAE X10~ 870 864 848 842 
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We may turn now to the comparison and summary in Table VI which 
enables us to draw important conclusions concerning the parameters in 
Eqs. (2) and (3). In the first place, since m, the exponent of the repulsive 
term, must be greater than m, the exponent of the attractive term, and, for 
ordinary pressures and temperatures v>w, the term, 1—(m/n)(v/v)"-™ 


TABLE VI. Comparison of v*(@E/aV) and vAE. 














Liquid V3(0E/aV)-10-* vAr-10- Ratio Effect of temp. Value of Repul- 
m sive term 
Carbon tetrachloride 3130 2840 1.10 (—) >1 Small 
Heptane 5430 5040 1.08 0 >1 . 
Benzene 2920 2780 1.05 —? >1 - 
Ethylene bromide 3305 3020 1.09 0 >1 5s 
Chloroform 2380 2300 1.04 —? al . 
Ether 2720 2680 1.02 (—) 1 7 
Ethylene chloride 2575 2570 1.00 0 ul i 
Carbon disulfide 1350 1515 0.89 + <1 ° 
Acetone 1790 2010 0.89 <1 . 
Methyl alcohol 480 1430 0.32 ++ <1 6 
Mercury 286 870 0.30 (—) 1? Large 








in Eq. (2) must be larger than 1—(V)/V)"-™in Eq. (3), and this difference, 
if no other factors entered, would make V?(0E/0V)7 less than VAE. It is evi- 
dent, however, that for the most normal liquids, placed at the top of the 
table, the former is, in fact, slightly greater. In other words, the repulsive 
term is of no great effect, which would be the case if m were very large, or if 
V were much larger than Vp. For ether, at 20°, V/V» is 0.76; for mercury it 
is about 0.92. We will see later that for ether is very large, about 8. If 
it is about the same for mercury (V/Vo)" would be much larger than for ether, 
and we would have an explanation for the discrepancy shown in the table. 
The specific heat terms are too small to play any considerable role. In 
other words, the thermal pressure, 7(0P/0T),, has expanded the ordinary 
normal liquids sufficiently to replace the repulsive pressure in balancing 
the attractive pressure, while with mercury there still exists, at ordinary 
temperatures, a large repulsion. 

In the fourth column of Table VI is given the ratio of the constants. 
This ratio would be m if the repulsive term and the specific heat terms were 
not operative, as will be seen by comparing Eqs. (2) and (3). The repulsive 
term, if included, would increase the discrepancy. We may conclude, there- 
fore, that m>1 for the liquids at the top of the table, falling off as we de- 
scend. Now it will be noted that the liquids at the top are least polar, the 
polarity increasing as we descend the list as far as methyl alcohol. Carbon 
disulfide has practically no electric moment, but it is spatially less sym- 
metrical than carbon tetrachloride. The value of m for dipoles would be 
1/3, for quadrupoles 1. It is reasonable to expect that the exponent for a 
highly polar substance like methyl alcohol should approach that for the 
dipole, while, on the other hand, for highly symmetrical molecules like 
those of carbon tetrachloride it should be greater than for quadrupoles. 
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The increase in the “constants” with temperature would also indicate 
that m should be taken as less than 1 for the polar liquids. The slow decrease 
of VAE for mercury would be corrected by introducing the repulsive term 
or by taking m <1, but the latter is excluded by the fact that V(0E/0V)7r< 
VAE. The fact that the specific heat is larger for the liquid by 12.5 joules 
per mole would cause a small decrease of “\E of 1.8410‘ atm. cc? per mole 
per degree, while the actual decrease is about 10‘, agreeing almost within 
the limit of error. 

Let us now make a comprehensive test of Eq. (3) by applying it to the 
calculation of the values of (@F/0V)+r for ether, given in Table I. The close 
agreement between the specific heats of the liquid and vapor, and the linear 
relation between P and JT shown by both the liquid and vapor,‘ seem to justify 
the assumption that the energy is a continuous function of the volume 
only. Keyes and Felsing, working with the vapor, where the repulsive 
term in Eq. (3) has vanished, have found that (0@F/0V)r=3180.10*/V°. 
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Fig. 1. The energy-volume coefficient for ether as a function of volume. 


We will, therefore, take a= 3180.10 and m=1, the latter in harmony with 
the findings in Table VI. The value of Vo we will take from the data them- 
selves as 79 cc, as described earlier, although this could be approximated 
very closely from the densities at low temperatures. Selecting n=9, empir- 
ically, since we have at present no theoretical basis for selection, we have 
calculated the values given in the last column of Table I, using the equation 
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= a OL : ‘s 
av/- ys ~) : 


The graph of this equation is shown in Fig. 1 together with the points cal- 
culated from the various data, except the points for the vapor, which can 
not well be shown on the same scale. The agreement is especially striking 
when it is remembered that the range of volume is enormous, from 73.4 cc 
per mole, obtained by a pressure of 12,000 atmos., to 3947 cc, in the vapor 
state. It is not too much to hope, therefore, that although the peculiar- 
ities of individual substances, especially those whose molecules have highly 
unsymmetrical fields of force, may require modification of the above simple 
treatment, the formulation used may prove useful in laying the foundations 
for the next step, that of.calculating the attraction constant, a, from the 
structure of the molecule. 

It may be suggested, in closing, that the calculation of the lattice energies 
of crystals, made by Born and Lande,' and their successors, as if the crystal 
were at absolute zero, and the attractive forces were balanced only by the 
repulsive forces, should be corrected by introducing the thermal pressure, 
as in this paper, since the properties of the crystal at ordinary tempera- 
tures are used in evaluating constants. This would affect the value of the 
repulsive exponent, and also, to some extent, the lattice energy and the 
important electron affinities derived therefrom. In this case the specific 
heats could be satisfactorily evaluated. 

The author, in closing desires to express his gratitude to Professors 
P. W. Bridgman and F. G. Keyes, for their valuable comments upon this 


paper. 
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THE MOLECULAR SCATTERING OF LIGHT FROM, SOLIDS: 
CRYSTALLINE SULFATES AND THEIR WATER SOLUTIONS 


By ALEXANDER HOLLAENDER AND JOHN WARREN WILLIAMS 
LABORATORY OF PuysiCcAL CHEMISTRY, UNIVERSITY OF WISCONSIN 


(Received August 29, 1929) 


T HAS been shown by Raman and more recently by many others thata 

light quantum, in encounter with a molecule may lose part of its energy, 
or gain energy, so that although it may retain its identity its frequency will 
be changed. A quantum may also dispose of part of its energy in setting 
atoms which are built into crystal lattices into vibration. The purpose of 
this paper is to report the preliminary results of a study of this disposition 
of energy to the atoms or groups of atoms in the sulfates of calcium, barium, 
copper, and potassium and aluminum, and to compare these results with those 
obtained when the crystalline sulfate is dissolved in water. 


RESULTS 


The results of the experimental work are given in Tables I to IV. The 
method of making the exposures has been described in previous articles and 
will not be detailed here.! The excited or Raman lines are much more 
difficult to obtain in the case of the crystals than in their concentrated 
solutions. In either case a much longer exposure is necessary than for the 
simple organic liquids, for example. 

It is at present difficult to determine with certainty” just which exciting 
line belongs with each Raman line. We have, therefore, included in the tables 
only those lines whose exciting line could be identified beyond reasonable 
doubt. There have also been omitted several lines which could not at this 
time be distinguished with absolute certainty from very weak lines of the 
mercury spectrum. 


LEGEND FOR TABLES I To IV 


\ = wave-length of Raman or excited lines in A. 
v = wave-number of Raman or excited lines. 
\(Hg) = wave-length of exciting (mercury) lines in A. 
v(Hg) = wave-number of exciting (mercury )lines. 
Av =frequency difference between excited and exciting lines. 
(Ra) =infra-red wave-length in u, calculated from frequency difference. 


In connection with the tables there are several interesting points. Co- 
blentz® gives for selenite, CaSO,-2H;,O, infra-red absorption bands lying at 


1 Williams and Hollaender, Proc. Nat. Acad. Sci. 15, 421 (1929). Hollaender and Williams 
Phys. Rev. 34, 380 (1929). 

? It is possible to identify a given Raman line with its exciting line if one uses for two 
separate exposures of the same system two different kinds of lamp, mercury and helium, for 
example. The method will be described in detail in another place. 

§ Coblentz, Investigations of Infra-Red Spectra, Part I, Carnegie Institute, Washington 
(1905). 
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TABLE I. Raman effect from CaSO, 2H:0 (gypsum) 















































r v (Hg) v(Hg) Ap (Ra) 
4815A 20763 cm 4359A 22937 cm 2174 cm" 4.59u 
4613t 21672 4046 24709 3137 3.19 
4552* 21962 4359 22937 975 10.25 
4495t 22241 4359 22937 696 14.36 
4365 22919 4078 24515 1596 6.26 
4281t 23352 4359 22937 615 16.28 
4213* 23729 4046 24709 980 10.20 
* Lines 4552, 4213 are strong and distinct. 

t Lines 4495, 4281 are broad and diffuse. 
t Line 4613 is of lesser intensity. 
TABLE II. Raman effect from BaSO, (crystalline) 

N y (Hg) v(Hg) Av (Ra) 
4552A* 21962cm7 4359A 22937cm™ 975cm™ 10.254 
4496+ 22236 4359 22937 701 14.26 
44487 22476 4046 24709 2233 4.48 
4432t 22557 4046 24709 2152 4.64 
4251t 23517 4078 24515 998 10.02 
4212* 23735 4046 24709 974 10.26 
* Lines 4552 and 4212 are strong and distinct. 

+ Lines 4496 and 4448 are diffuse. 
t Lines 4432 and 4251 are of lesser intensity. 
TABLE III. Raman effect from CuSO, 5H:20 (crystal and water solution) 
r v (Hg) v(Hg) Av (Ra) 
CuS0O,: 5H,0 (crystal) 
4701At 21266cm— 4359A 22937cm7 1671cm™ 5 .98u 
4552* 21962 4359 22937 975 10.25 
4527 22084 4359 22937 853 11.73 
4213* 23729 4046 24709 980 10.20 
CuSO,: 5H,0 (water solution) 
4701At 21266 cm=! 4359A 22937 cm= 1671 cm" 5 .98u 
46517 21495 4359 22937 1472 6.79 
4552* 21962 4359 22937 975 10.25 
4477t 22330 4359 22937 607 16.47 
4213* 23729 4046 24709 980 10.20 
41697 23980 4046 24709 729 13.72 








* Lines 4552and 4213 are strong and distinct in both cases. 
+ Lines 4651 and 4169 are diffuse and broad. 
t Lines 4701 and 4477 are of lesser intensity. 


_ TABLE IV. Raman effect from K2Alx(SO,)s-24H:0 (water solution). Exposures of the alum 
in crystalline form gave lines 4552 and 4213 as the only recognizable ones. 











r v d (Hg) v (Hg) Av d (Ra) 
4552A* 21962 cm 4359A 22937 cm= 975 cm™ 10.254 
4477t 22330 4359 22937 607 16.47 
4451f 22461 4046 24709 2248 4.45 
4213* 23729 4046 24709 980 10.20 














* Lines 4552 and 4213 are strong and distinct. 
t Lines 4477 and 4451 are of lesser intensity. 
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1.5u, 2.05, 2.95u, 4.54u, 5.95u, 6.54, and 6.68u. In the case of the crystalline 
substances investigated by us there appear lines corresponding to three infra- 
red absorbtion bands, 4.54y, 6.54, and 5.95u. Lines which correspond to an 
absorption at 3.3u, found in the case of gypsum, are probably to be associated 
with the water of crystallization, although Reinkober* finds infra-red 
reflection maxima at 3y, 8.76u, and from 14 to 16 for a series of crystalline 
sulfates. Broad and diffuse Raman lines corresponding to the region 14 to 16u 
were found in the case of all the sulfates investigated, but no line could be 
positively identified with the reflection maximum at 8.76y. 

In each of the crystals and in each of the solutions investigated there have 
appeared strong and distinct lines at 4552A and at 4213A. The former, 
excited by the mercury line 4359A, and the latter, excited by the mercury 
line 4046A, correspond to an infra-red band at 10.24. This infra-red band is 
apparently to be associated with the sulfate ion. 

The study of other salts and of their solutions in various solvents is in 
progress. 





* Reinkober, Zeits. f. Physik 5, 192 (1921). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


A New Type of Glow Discharge Tube 


The ordinary glow tube, consisting of two 
electrodes in a partially evacuated bulb con- 
taining one or more of the rare gases, is some- 
what limited in its usefulness because the ex- 
tinction potential is considerably lower than 
the ignition potential. It occurred to the 
writer that it should be possible to control 
the discharge in a glow tube completely by 
shooting an electron stream through the 
cathode, made in the form of a grid. After 
some experimenting, Mr. Jackson Kuhn and 
the writer succeeded in producing a tube mak- 
ing use of this principle. 

This tube consists of a grid and plate, which 
act as glow cathode and anode, respectively, 
and an electrically independent electron gun 
placed several millimeters from the cathode 
in such a position that an electron stream 
may be shot through the grid to the plate. 
The tube was thoroughly evacuated and then 
filled with pure argon, which for most satis- 
factory operation is maintained at a pressure 
of about 0.3 mm Hg. The electron gun 
consists of a small spiral tungsten filament 
and two disk anodes having 0.5 mm circular 
holes in line with the axis of the filament. 
The inner anode serves to protect the fila- 
ment from ion bombardment, and at the 
same time affords a very sensitive means of 
controlling the glow. Its potential is only 
slightly above that of the filament. The outer 
anode, which is used to accelerate the elec- 
trons which pass through the hole in the inner 
anode, is mounted very close to the inner 
anode in such a manner as to make use of the 
short-path principle in preventing a dis- 
charge between the two anodes. An acceler- 
ating potential of about 350 volts has been 
found most satisfactory for this tube. 

Such a tube has five variable parameters: 
glow voltage, filament current, first anode 
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potential, second anode potential, and gas 
pressure; and to date its characteristics have 
been only partially studied. The curve 
showing the variation of glow current with 
glow voltage indicates several interesting 
characteristics. Because of the electron 
stream a small glow current is obtained 
with zero glow voltage. The curve is 
concave downward near the origin, passes 
through a point of inflection at about 30 
volts, and then becomes concave upward. 
After the glow potential reaches the normal 
ignition value a glow is also obtained without 
the electron stream, the current being only 
about one-tenth as great as when the gun is 
in operation. The curve showing the varia- 
tion of glow current with glow voltage 
without the electron stream is much steeper 
than that with it, showing that the effect 
of the electron stream becomes relatively 
smaller as the glow voltage is increased. 
There are indications of breaks in the curve 
obtained with the gun in operation which may 
indicate resonance potentials. More accurate 
data must be taken to verify this. 

The most interesting characteristic curve 
is that relating the glow current with inner 
anode potential. Below about twelve volts 
inner anode potential no cathode rays or glow 
current are obtained. As the inner anode 
potential is increased, the glow current in- 
creases extremely rapidly, reaching a satura- 
tion value at about forty volts. So steep is 
the characteristic just above the minimum 
potential at which a glow is obtained, that the 
tube may be used as an amplifier in a manner 
similar to that in which the ordinary triode 
is used. A mutual conductance of 3000 
micromhos has been obtained without much 
effort to discover the best operating condi- 
tions. An ordinary high impedance phone 
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used as a transmitter in the inner anode 
circuit gives audible output from a loud- 
speaker connected in the glow circuit. 

Under certain conditions of operation 
audible oscillations are obtained which can 
be detected in both the glow and electron gun 
circuits. 

Further experiments are in progress and 
it is hoped that it will be possible to develop 
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a tube operating at lower voltages and having 
better characteristics. A complete study of 
the various operating parameters is under 
way. 
HERBERT J. REICH 
Department of Physics, 
Cornell University, 
September 9, 1929. 
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lished by the Akademische Verlagsgesellschaft, m. b. H., Leipzig, 1929. Price, unbound, 
RM 63; bound, RM. 65. 


_ This book gives an exhaustive survey of the experimental methods of present day impor- 
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such things as heats of solution or mixing. The “energy content” of the title of the book is 
taken in the usual restricted sense; the phenomena of elasticity are not included, and the 
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The book is divided into a general part of 109 pages, in which the general thermodynamic 
oundation is laid and a general survey made of the various methods of calorimetric measure- 
ment, and the special part, embracing the remaining 627 pages, dealing with specific methods 
and results. The first section of the special part deals with calorimetric phenomena in one- 
phase systems of one component, and is divided according as the substance is solid, liquid, or 
gaseous. In the second section, calorimetric phenomena are treated in their relation to the com- 
position of the system, including the various heats of transition for one component systems, and 
heats of solution or dilution in systems of more than one component. A treatment of surface 
heats, which is included in this section, is unusual in works of this character. A brief discussion, 
sufficient in many respects for the physicist, is also given of the thermal effects of chemical 
reactions. 

One very valuable feature of the book is that, in spite of its ostensible concern with the 
purely experimental side, the theoretical significance of the various phenomena is continually 
kept in view, and enough of the theoretical background is explained to give point to the experi- 
ment. In fact, I am inclined to think that the average physicist, who is not actively engaged 
in theoretical investigation in this field, will find that many of the summaries of the present 
theoretical situation give him a clearer picture than many of the more elaborate accounts 
written purely from the theoretical side. The accounts of degradation phenomena in gases at 
low temperatures, and methods of getting heats of reaction from spectroscopic data, may be 
particularly mentioned. P. W. BripGMAN 
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Bell and Sons Ltd., London, 1929. Price 7/6 net. 


Those who have much calculating to do will welcome Mr. Milne-Thomson’s compilation 
of the square roots to eight significant figures of all four-figure numbers. The Table is arranged 
with the square roots of x and of 10x side by side. The values of x range from 100.0 to 1000.0. 
The square roots are followed by columns of differences which make possible ready interpolation. 
The Table is well printed and serviceably bound. Joun T. TATE 





